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ABSTRACT 
Functionalizations and Biological Applications of Single-Walled Carbon Nanotubes and 
Graphite Systems 
by 
Brandi Katherine Price 
Environmentally friendly solvents including water and ionic liquids have been 
used as a medium to functionalize singe-walled carbon nanotubes (SWCNTs). 
Previously, in order to obtain individual functionalized SWCNTs, harsh chemicals or 
reaction conditions were necessary. The environmentally friendly solvents have now 
been demonstrated to yield individual and small bundles of SWCNTs by utilizing 
established diazonium chemistry in ionic liquids or water. The ionic liquid-based method 
has also been shown to be effective for functionalization of expanded graphite, which 
yields small stacks of graphite sheets only 7 nm in height, while dramatically increasing 
the dispersibility of the graphite in organic solvents. 
Aggressively oxidized and shortened, or ultra short SWCNTs (US-SWCNTs), 
have been used as the base material for many studies. US-SWCNTs were associated to 
polymers through acid/base interactions. The amine-based polymer was used to group 
together iron atoms and after subsequent processing, form a catalyst seed for SWCNT 
growth. The seeded US-SWCNTs were then shown to further grow in length under 
hydrocarbon feed conditions. US-SWCNTs have been used to produce a nanovector 
scaffold through PEGylation to produce PEG-US-SWCNTs. The PEG-US-SWCNT 
nanovector has been found to sequester fluorescent tags. The sequestered material was 
used in a multistage delivery system for therapeutics and imaging. The PEG-US-
SWCNTs were discovered to also sequester proteins. The behavior of the proteins was 
analyzed and their activity in vitro was monitored. The proteins retained their activity 
and were shown to activate cell pathways. 
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Introduction 
The strongest polymer chain known to humankind is a single-walled carbon 
nanotube (SWCNT).1 Its unique structure, conceptually as a single rolled graphene sheet, 
allows it to have this incredible strength that scientists and engineers are learning to 
exploit. SWCNTs conduct heat better than diamond, and certain types of SWCNTs are 
ballistic conductors. SWCNTs have a number of applications varying from electronics to 
material science.2 In order to utilize their properties, the SWCNTs must be chemically 
separated or covalently modified. Here, a brief background into SWCNT chemistry will 
be explained. The knowledge of where nanotube chemistry has been will help in 
understanding where it is headed. 
Research with SWNCTs has exploded since Bethune3 and Iijima's papers.4 
Reserachers are faced with the difficulty in separating SWCNTs from themselves due to 
their 0.5 eV/nm5 attractive Van der Waals forces. Similar n-n interactions between the 
graphene sheets lead to strong attractions. These physical characteristics cause the 
SWCNT bundles to be insoluble in organic or aqueous solvents. Separating SWCNT 
£ • • 7 ' 
bundles involves harsh chemicals or strong physical manipulation. Further research has 
established that there are three main types of SWCNT8 that are determined by the manner 
in which the graphene sheet is rolled. This analysis provides the diameter and vector 
values for each type, which correlate to an n and m value (Figure l).8 SWCNTs are 
considered metallic when \n — m\ = 0, and subsequently have a bandgap of 0 eV. 
Semimetallic SWCNTs are defined by the formula \n — m\ = 3q, where q is a non-zero 
integer; these tubes have bandgaps in the me Vs. Semiconducting SWCNTs are defined 
by the formula \n - m\ 4- 3q and have bandgaps ca. 0.8 to 1.4 eV.8 The nanotubes used in 
2 
our research are prepared using the HiPco process,9 which produces over 80 types of 
SWCNTs each with distinct n,m values. The ability to separate the different types of 
SWCNTs has been aggressively pursued.10 We have demonstrated a low yielding 
protocol to grow SWCNTs from an existing nanotube in chapter 4 of this thesis. The 
development of a process to duplicate a specific type of SWCNT would be a monumental 
breakthrough in SWCNT chemistry and materials research. 
Figure 1. n,m Assignments for SWCNTs.11 The assignments correlate to the type of 
SWCNTs. Red assignments are metallic or semimetallic SWCNTs, while black are 
semiconducting species. 
Due to the bundling of SWCNTs and their resulting insolubility in most solvents, 
modification of their sidewalls is necessary in order to use them in devices and 
composites. The chemistry of SWCNT modification can be classified into two groups; 
covalent attachment or adsorption of molecules (non-covalent attachment). The 
3 
adsorption of various molecules onto SWCNTs has been investigated via wrapping with 
surfactants, biomolecules, polymers and aromatic molecules such as pyrene. By 
wrapping the SWCNTs, their electronic structure is maintained, which is important since 
their electronic properties are essential, for example, in detection in vivo.15 Other 
applications of wrapped SWCNTs allow them to be covalently functionalized and to have 
increased solubility.16 
Covalent functionalization of SWCNTs reduces the Van der Waals force due to 
the addition of groups along the sidewalls.17 Fluorination of SWCNTs with fluorine gas18 
can permit further functionalization with other groups to replace the F atoms.19 Common 
cycloadditions onto the sidewalls of the SWCNTs include the Bingel reaction,20 
carbenes, Diels Alder and nitrile imines, among others. SWCNTs have also been 
functionalized using ozonolysis25 at various temperatures and have been grafted with 
polymers.24 When SWCNTs are purified by removing the metal catalyst, their sidewalls 
and ends are oxidized and defect sites are produced.26 SWCNTs have been further 
oxidized with fuming HNO3 to the point of shortening the nanotubes.27 The carboxylic 
acids produced were then reacted with amines or alcohols to yield amides and esters, 
respectively.28 When poly(ethylene glycol) is used, the SWCNTs are rendered stable in 
biological buffers.288 SWCNTs have been reduced with Li in liquid ammonia followed 
by attachment of aryl29 or alkyl groups.30 This method is known as the Billups reaction 
and has been shown to effectively produce individual SWCNTs with high degrees of 
sidewall functionalization (Figure 2). 
4 
Figure 2. Billups reaction with SWCNTs. 9'30 The reduction of the SWCNTs with Li in 
liquid ammonia is followed by aryl and alkyl iodide additions. 
Radical additions to SWCNTs were first demonstrated by Tour and co-workers 
with the electrochemical reduction of substituted aryl diazonium salts31 for which a 
mechanism has been proposed (Figure 3).32 Uses of this chemistry has led to protocols in 
which the metallic SWCNTs preferentially reacts while the semiconducting species are 
slower to react. The diazonium chemistry has been done in multiple solvents, • ' and 
without solvent.35 The use of environmentally friendly solvents in functionalization of 
SWCNTs and graphite with diazonium chemistry will be discussed in chapters 1,2 and 3. 
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i k"**"*' 
SWNT 
-N2 
-BR, 
«o 
'I 
electron donation from 
another nanotube 
or a diazotate = 
Ar-N=N-0" 
" * 
Nu = fluoride, ArNN 
or H20 (with loss of H+) 
Figure 3. Proposed mechanism of the radical addition of diazonium salts to SWCNTs 32 
A new realm of S WCNT chemistry involves applications in biology. The toxicity 
of SWCNTs in vitro and in vivo has been investigated with many types of modified 
nanotubes. Dai and co-workers proposed that SWCNTs enter cells by the mechanism of 
endocytosis.36 Biodistribution studies have shown that long, surfactant wrapped 
SWCNTs are quickly removed from the blood stream by the liver and spleen.15d 
SWCNTs have been tracked in vitro with fluorescent tags36 and in vivo with Raman 
spectroscopy154,0 and using the SWCNTs inherent fluorescence.156,37 Recently, SWCNTs 
studies with DNA,38 drugs,39 antibodies,40 and proteins41 have been reported. Ferrari's 
multifunctional nanovector concept has been pursued by our group (Figure 4)42 with 
further advances demonstrated in chapters 6 and 7 of this thesis. 
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Figure 4. A nanoparticle that is capable of delivering multiple functionality in the body, 
also referred to as a nanovector.42 
One of the challenges facing nanotechnology in general and the use of SWCNTs 
in particular is characterizing the prepared material. Light microscopes cannot focus in 
the nanometer dimensions due to the long wavelengths of visible light. Electron 
microscopes have been developed that can resolve crystal structures and nanotubes less 
than 1 nm wide. Atomic force microscopy uses an ultra fine tip to tap the surface. It 
produces an image analogous to a topography map that measures the height of molecules 
shorter than 1 nm. Many other spectroscopic instruments are used to characterize 
nanomaterials. Some of the instruments used for SWCNT characterization are Raman, 
UV/vis/NIR, FT-IR and X-ray photoelectron spectroscopies. 
7 
SWCNT research has revealed many of their amazing electronic and mechanical 
properties. A variety of established chemistries with SWCNTs allow for a wider range of 
applications. The development of new characterization techniques aid researchers in 
understanding the nanoscale materials that they have prepared. New fields of interest 
will foster creative breakthroughs and challenges what scientists and engineers can obtain 
from these incredible structures. 
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Chapter 1 
Green Chemical Functionalization of Single-Walled Carbon Nanotubes 
in Ionic Liquids 
14 
I. Introduction 
Single-walled carbon nanotubes (SWCNTs) have the potential to make vast 
improvements in numerous applications because of their electrical and mechanical 
properties.1 In order to more fully exploit their properties for composite and other 
materials applications, SWCNTs must be unbundled into individuals." This is difficult 
because of the high intermolecular cohesive forces (0.5 eV/nm) between SWCNTs. The 
majority of functionalization procedures afford predominantly bundled SWCNT 
products.1'2 A few protocols have recently been discovered that exfoliate and 
functionalize SWCNTs while also producing individuals and small bundles."1 These 
procedures require harsh solvents such as fuming sulfuric acid3a or liquid ammonia,3b or 
expensive equipment with extended reaction times to produce small amounts of 
product.30 We report here a new method, functionalization in ionic liquids (ILs), resulting 
in exfoliation of the ropes and derivatization as predominantly individual SWCNTs that 
do not rebundle due to the addends. The reaction occurs in min at room temperature 
using only a mortar and pestle to mix the reactants (Scheme 1). 
p-SWCNTs R = F, CI, Br, I, NOz, f-butyl, methyl ester, ethynyP 
Scheme 1. Functionalization of SWCNTs in ionic liquid using a mortar and pestle. "The 
alkyne moiety was /weta-substituted relative to the diazonium functionality. 
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The interest in ILs has grown dramatically in the past decade as their unique 
properties have been exploited.IV ILs are salts that are liquids at room temperature having 
boiling points over 200 °C and they are non-volatile; properties that allow processes to be 
designed such that the ILs are recyclable/ It has been reported that SWCNT bundles can 
be exfoliated in ILs to form relaxed bundles." We have combined our diazonium 
functionalization chemistry"1 with the desirable properties of ILs such that an extremely 
rapid and mild green chemicalvl" functionalization process results. The presence of the IL 
leads to exfoliation of the SWCNTs ropes, with subsequent addition of functionalized 
aryl groups to the sidewalk of the SWCNTs, providing functionalized SWCNTs that 
remain predominantly as individuals. 
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II. Results and Discussion 
Our work centered on the use of imidazolium ion-based ILs with various alkyl 
branch lengths (Figure 1). A pyridinium-based IL, l-butyl-4-methylpyridinium 
tetrafluoroborate (BMPBF4), was tried for comparison purposes with no observed 
difference in the degree of functionalization. Except for l-ethyl-4-methylimidazolium 
tetrafluoroborate (EMIBF4), which produced the lowest degree of functionalization, the 
length of the alkyl branch on the IL did not markedly affect the dispersion and degree of 
functionalization of the SWCNTs (Table 1). In our work, the counter ion (BF4" or PF6-) 
did not influence the degree of functionalization of the SWCNTs; however, the literature 
indicates that the counter ion can affect the recovery and recycling of the IL.5'1X 
H3crN^N-R 
X 
EMIBF4 
BMBF4 
HMIBF4 
OMIFBF4 
BMPF6 
R = C2H5 
R = W-C4H9 
R = «-C6Hi3 
R = «-C8H,7 
R = H-C4H9 
X = BF4 
X = BF4 
X = BF4 
X = BF4 
X = PF6 
Figure 1. Structures of ILs used in this work. 
In a typical experiment, purified HiPco SWCNTs10 (p-SWCNTs) (2 mg) and the 
diazonium salt (1 equiv per meq C) were ground by hand in an agate mortar and pestle 
with the IL (0.4 mL) for 10 min. The base, K2CO3 (5 mg, 0.2 equiv), was then added and 
the mixture was ground for an additional 5 min. The sides of the mortar where scraped 
down with the pestle during grinding to ensure complete mixing. The mixture was 
washed from the mortar and pestle using acetone and the resulting suspension was 
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filtered on a Teflon™ filter (0.45 urn). The filter cake was washed with acetone and 
DMF to remove the ionic liquid, followed by a water wash to dissolve excess base. The 
solid was removed from the filter and sonicated (Cole-Parmer Ultrasonic Cleaner, Model 
08849-00,12 W, 10 min) in DMF (5 mL) and isolated by filtration. 
Table 1. Calculated D/G ratios from the Raman spectra." 
IL 
BMPBF4 
BMIBF4 
BMIBF4 
BMIBF4 
HMIBF4 
BMIPF6 
HMIBF4 
HMIBF4 
OMIBF4 
R group (Scheme 1) 
CI 
ter/-butyl 
I 
Br 
CCH 
CI 
F 
N0 2 
Methyl ester 
D/G ratio* 
0.29 
0.16 
0.36 
0.27 
0.40 
0.51 
0.33 
0.36 
0.21 
a
 Excitation at 633 nm on the solid. * Averaged over 5-6 different scan positions. 
The functionalized SWCNTs were then characterized using spectroscopic and 
microscopic methods along with thermogravimetric analysis (TGA). The Raman 
spectrum of the starting material shows a minimal disorder mode (diamond or D-band) at 
1290 cm"1. A spectrum of functionalized product shows a higher D-band corresponding 
to functionalization of the SWCNT (Figure 2), and this increase is due to an increase in 
the number of sp3-carbons that are formed on the SWCNT during functionalization.1 The 
intensity of the D-band was divided by the intensity of the tangential mode (graphite or 
G-band) at 1590 cm"1 (Table 1), and this ratio provides a good indication of the relative 
degree of functionalization.1 Additionally, as expected, the resonance Raman 
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enhancement seen in the pristine SWCNT spectrum is markedly suppressed in the 
functionalized material.1 
a 
s 
o 
B 
150000 
100000-
50000-1 
Shift (cm1) 
a. 
s 
o 
09 
a 
16000 
10000 
6000 
Shift (cm1) 
Figure 2. Raman (633 nm, solid) of (A) purified SWCNTs and (B) SWCNTs 
functionalized with 4-chlorobenzenediazonium tetrafluoroborate in BMIPF6. 
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A UV/vis/NIR absorption spectrum of the starting material displays the 
characteristic van Hove singularities (Figure 3). The spectrum of the functionalized 
SWCNTs shows the lack of the van Hove transitions, consistent with covalent 
functionalization of the SWCNTs.1 All products had similar spectral features. 
1.4-1 
—• Functionalized SWNTs 
I— Purified SWNTs 
400 600 800 1000 1200 
Wavelength (nm) 
Figure 3. UV/vis/NIR absorption spectra (absorbance scale is in arbitrary units) in DMF 
of p-SWCNTs and SWCNTs functionalized with 4-chlorobenzenediazonium 
tetrafluoroborate in BMIBF4. 
Functionalization of the SWCNTs with 4-chlorobenzenediazonium 
tetrafluoroborate in HMIBF4 showed a 21% increase in the weight of the material. TGA 
of the material (Ar, 10 °C/min to 800 °C) showed comparable weight loss that is 
calculated to be ca. one functional group in 44 nanotube carbons. 
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Microscopy confirmed the findings of the Raman and UV/vis/NIR absorption 
spectra. Using the tapping mode in atomic force microscopy (AFM), individual tubes (6-
12 A) and a few small bundles (up to 27.5 A) were observed using height data to 
determine the diameter of the tubes. An AFM image of 4-chlorobenzenediazonium 
tetrafluoroborate-functionalized SWCNTs is shown with height data in nm in Figure 4 
and Figure 5 shows SWCNTs that were processed with the same method but without the 
diazonium salt addition. Transmission electron microscopy (TEM) showed individual 
SWCNTs with functional groups appended to their sidewalk (Figure 5). Hence the 
microscopy studies are consistent with the spectroscopic analyses. 
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Figure 4. AFM analysis (spin coated onto freshly cleaved mica in DMF) by height of 
SWCNTs functionalized with 4-chlorobenzenediazonium tetrafluoroborate in OMIBF4. 
The sectional analysis shows the height data in nm of the functionalized SWCNTs. The 
vertical distances measured ranges from 4.0 to 27.5 A. 
0 5.00 Mm 
Figure 5. AFM analysis (spin coated onto freshly cleaved mica in DMF) by amplitude of 
SWCNTs that had undergone the same procedure as the functionalized SWCNTs but 
without the diazonium salt addition. The sectional analysis measured the height data of 
the SWCNTs and found the vertical distances measured to be as high as 45 nm. 
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n. 
• ^ * "#*>.*£ *l 
Figure 6. TEM image (on a lacey carbon grid) of SWCNTs (arrows) functionalized 
using 4-chlorobenzenediazonium tetrafluoroborate salts in BMIBF4. The scale bar is 5 
nm. The functional groups can be seen along the sides of the individualized SWCNTs. 
Image obtained by Jason Stephenson. 
X-ray photoelectron spectroscopy (XPS) data were acquired on a Physical 
Electronics (PHI QUANTERA) XPS/ESCA system. The base pressure of the system is at 
5 x 10"9 Torr. A monochromatic Al X-ray source at 100 W was used with a pass energy 
of 26 eV and with a 45° takeoff angle. The beam diameter was 100.0 um. Binding 
energy values were referenced externally to a gold 4f peak at 84.00 eV and internally to a 
carbon Is binding energy of 280.50 eV (NIST XPS Database). XPS of SWCNTs 
functionalized using 4-chlorobenzenediazonium tetrafluoroborate salts in BMIBF4 
showed the presence of chloride, but no fluoride was detected even in the multiplex 
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spectrum. Hence there was no remaining IL in the material. XPS was also done of 
SWCNTs functionalized using 4-mtrobenzenediazonium tetrafluoroborate salts in 
HMIBF4. A distinct peak at 405.9 eV (NIST XPS Database) confirms the presence of the 
nitrobenzene groups on the SWCNTs (Figure 7). 
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Figure 7. XPS analysis of SWCNTs functionalized using 4-nitrobenzenediazonium 
tetrafluoroborate salts in HMIBF4. XPS spectra were obtained at a 45° takeoff angle and 
a 26.00 eV pass energy. The XPS analysis consisted of (A) survey of the spectral region 
from 0 to 1100 eV, (B) the carbon Is region, (C) the nitrogen Is region, and (D) the 
oxygen Is region. The nitrogen region peak at 405.9 eV confirms the presence of 
nitrobenzene groups within the sample. 
The following control experiments were also run: SWCNTs and IL only; without 
base; with NaOH instead of K2CO3; without diazonium salt; with 1-methylimidazole as 
the solvent (synthetic precursor of IL); and with AIBN as a radical initiator.38 When no 
base was present the degree of functionalization was not as high as with base. The use of 
NaOH instead of K2CO3 was found be to give lower yields, possibly due to degradation 
of the diazonium salt through hydroxide substitution of the diazo moiety. In the other 
controls, no or minimal functionalization was observed. Thus, basic conditions aid in the 
25 
diazonium-induced functionalization of the SWCNTs as we have seen in solution phase 
reactions,70 and the IL is necessary for functionalization of individual SWCNTs to occur. 
26 
III. Conclusion 
Reaction of SWCNTs with aryldiazonium salts in ILs results in the production of 
functionalized individuals; the products are comparable to those derived from other 
processes usmg harsh reaction conditions. The method utilizes the unique properties of 
ILs. It does not require adverse solvent conditions, and it is complete in minutes at room 
temperature. This method thereby paves the way for a green chemical functionalization 
protocol to exfoliated SWCNTs, which are optimal for materials applications.1 
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Chapter 2 
A Green Exfoliation and Functionalization of Graphite 
30 
I. Introduction 
Graphite has a central role in many applications in the field of nanotechnology 
due to its properties. Graphite's honeycomb structure of benzene rings affords it great 
chemical stability, conductivity and mechanical strength.1 In many cases the successful 
use of the graphite depends on its separation into individual sheets of graphene or into 
small stacks of graphene sheets. There have been methods developed that can produce 
individual graphene sheets but they are not scalable or they are multi-step processes using 
environmentally harmful solvents and therefore they are less attractive for industrial 
purposes.2'3 Single-walled carbon nanotubes (SWCNTs) can be considered rolled sheets 
of graphene and are more reactive than graphite, even though they have the same 
chemical make up. This is due, in part, to the bond strain of the benzene rings in the 
SWCNTs.4 Using protocols that we developed for SWCNTs,5 a potentially scalable and 
environmentally friendly method to functionalize graphite is described, thereby 
producing small stacks of functionalized graphene sheets. The process involves grinding 
of graphite with an aryl diazonium salt and base in the ionic liquid (IL) l-octyl-3-
methylimidazolium tetrafluoroborate (OMIBF4) (Scheme 1). 
Graphite 2aR = C02H 3aR = C02H 
2b R = CI 3b R = CI 
2cR = Br 3cR = Br 
2dR = l 3dR = l 
2eR = N02 3eR = N02 
2f R=C=CHa 3f RsC^CH1 
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Scheme 1. Functionalization of graphite in the OMIBF4 using a mortar and pestle. "The 
alkyne moiety was meta-substituted. 
ILs have been studied extensively,6 and they were formerly attractive for our purposes of 
functionalizing SWCNTs due to the their known ability to exfoliate the nanotube 
bundles.7 SWCNTs have a high van der Waals attraction between adjacent tubes of 0.5 
eV/nm,8 hence the ILs were particularly effective in overcoming this inherent bundling 
force and permitting reactions to take place throughout the sample. We observed a 
similar result here with the graphite exfoliation. ILs also have high boiling points (>200 
°C), virtually no vapor pressure, and they can be recycled. Graphite has been used with 
ILs in electrochemical studies9 and functionalized with the ionic liquids themselves.10 In 
this report we utilized these properties to exfoliate graphite sheets and then functionalize 
them using diazonium chemistry.5 The degree of functionalization was monitored with 
Raman and X-ray photoelectron (XPS) spectroscopies and thermogravimetric analysis 
(TGA). The product yields functionalized graphene sheets in stacks that average 7 nm in 
height when analyzed by atomic force microscopy (AFM) and the spacing between sheets 
was confirmed with X-ray diffraction (XRD) and found to be the same as graphite (3.3 
A). These small packets of graphene could prove to be exceedingly effective in 
composite formation where good dispersibility is critical. 
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II. Results and Discussion 
The ionic liquid used was chosen due to the length of the alkyl chain. In past 
reports, the increased length was shown to enhance the functionalization of SWCNTs.5 
We used OMIBF4 for all experiments. The procedure was repeated with another room 
temperature IL, hexylpyridinium tetrafluoroborate (io»li»tec chemical). The 
functionalization was successful and gave comparable results to the OMIBF4. 
The functionalized material had no weight gain, but instead lost weight when 
compared to the starting material. This is due to the small amount of functionalization on 
the graphite sheets and loss of material when transferring between vessels. An increase 
in solubility of the functionalized material was observed in DMF and chloroform when 
compared to the graphite starting material. The suspension was sonicated and observed 
15 and 30 min afterward and was stable for at least two weeks at room temperature 
(Figure 1). 
Figure 1. Images of graphite (left vial) and functionalized graphite 3b (right vial) in two 
sets of samples (A and B) in DMF. The suspensions were sonicated and then allowed to 
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sit for (A) 15 min and (B) 30 min, demonstrating the dispersibility of the functionalized 
materials in the vials on the right in each set. 
3000-f 
2500-
^ 2000-
d 
£, 1500-f 
§ 1000-
500-
500 1000 1500 2000 2500 3000 
Shift (cm-1) 
Figure 2. Raman spectra (633 nm, solid) of graphite (purple line), ground graphite 
(green line) and the functionalized with product 3b (blue line). Both the ground graphite 
and functionalized product were ground in a mortar and pestle with IL and base present. 
The Raman spectrum of the starting material (Figure 2) was comprised of the two 
characteristic bands for graphite. The graphitic (G) band, at 1580 cm"1 correlates to the 
sp2 carbons of the graphite sheets, and a diamondiod (D) band, at 1340 cm"1, represents 
the sp3 carbons of the material. An increase in the intensity of the D-band confirms the 
increase in sp3 carbons formed during functionalization (Figure 2, blue line). While 
Raman is not a quantitative tool, it is an effective method of assessing a qualitative 
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change in material. A small change in the intensity of the D-band indicates 
functionalization, as seen in Figure 2, but also illustrates that significant conjugation is 
still intact within the graphite sheet. Since it is expected that the edges of the carbon 
sheets would be more exposed than the interiors of the sheets to the reagents, and based 
on the small degree of functionalization seen, it is likely that most of the functionalization 
takes place around the edges of the graphite. 
XPS was used to detect the elements present in the graphite samples. Analysis of 
products 3a-e (Figure 3) showed specific elements from the added aryl groups and no 
fluorine was detected in the products (as an example, see Figure 3F), thus showing that 
the OMIBF4 had been successfully washed from the functionalized graphite. As shown 
in Figure 3E, the product from functionalization with 4-nitrobenzenediazonium salt, 3e 
had a peak present at ~406 eV, which can be assigned to a nitro group;5 the peak at ~400 
eV is due to surface nitrogen.11 The halides were all present in their respective products 
CI from 3b in Figure 3B; Br from 3c in Figure 3C; I from 3d in Figure 3D). 
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Figure 3. XPS analyses of 3a-e; (A) is the Ols region of 3a; (B) is the C12d region of 3b 
confirming CI; (C) is the Br3d region of 3c confirming Br; (D) is the I3d region of 3d 
confirming I; (E) is the Nls region of 3e confirming the presence of the nitro group at 
~406 eV with surface nitrogen ~400 eV; (F) is the Fls region of 3e showing the fluorine 
of OMIBF4 had been successfully rinsed away from the functionalized graphene. XPS 
data were acquired on a Physical Electronics (PHI QUANTERA) XPS/ESCA system. 
The base pressure of the system was at 5 x 10"9 Torr. A monochromatic Al X-ray source 
at 100 W was used with a pass energy of 26 eV and with a 45° takeoff angle. The beam 
diameter was 100.0 um. Binding energy values were referenced externally to a gold 4f 
peak at 84.00 eV and internally to a carbon Is binding energy of 280.50 eV (NIST XPS 
Database). 
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TGA was completed on all samples. The graphite material was heated to 120 °C 
and held for 60 min to remove the water and solvent remaining, if any, and then the 
sample was cooled to RT. Following the preliminary heat treatment, the material was 
heated to 950 °C at 10 °C/min under an Ar/N2 atmosphere. To calculate the number of 
functional groups, the weight loss was converted to moles of the functional group added 
and then divided by the moles of graphite remaining. The number of functional groups 
added was roughly 1 in 200 carbons. Again, the number of groups added is low when 
compared to SWCNTs, but it is sufficient to increase dispersibility and lower the number 
of sheets of graphite per bundle. 
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Figure 4. XRD of functionalized graphite 3d. The spacing between the sheets of 
functionalized graphite is the same as graphite, 0.3 nm. This confirms that the 
functionalization is around the edge of the graphite sheets and not in the basal plane. 
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Tapping mode AFM was also used to characterize the graphite material. 4-
Chlorobenzene functionalized graphite 3b yielded stacks of graphene averaging 7 nm in 
height, which corresponds to 5 to 6 individual sheets of graphene (0.8 to 1.0 nm) with a 
0.33 nm spacing between sheets by XRD (Figure 4), but even fewer if there is significant 
functionalization separating the sheets. An image is shown in Figure 5 with the data 
shown in nm. The unfunctionalized material was likewise analyzed by AFM and the size 
of the graphite sheet stacks was much larger (>100 nm). Graphene must be in very small 
stacks, preferably single or double layers, to exploit graphene's unique electronic 
properties. But to exploit its properties for composites, the enhanced dispersibility and 
smallness of the packets could prove to be quite effective. 
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Figure 5. AFM analysis (spin coated using chloroform onto freshly cleaved mica) of 
graphite functionalized with 4-chlorobenzenediazonium tetrafluoroborate in OMIBF4, 
(3b). A 10 um scan (A) illustrates the relative height of the features. The enlargement 
(B) of the boxed area from A is a 5 um scan with corresponding sectional analysis height 
data (C) of the functionalized graphite. The average graphite stack height is 7 nm. 
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III. Conclusions 
Functionalization of graphite using aryldiazonium salts in OMIBF4 has been 
successfully demonstrated. Based on the analyses, the functional groups are likely 
reacting around the edges of the graphite sheets and not the basal plane. This method 
produces material comparable to that made using other, much harsher, methods, while it 
maintains the highly conjugated structure of the graphene and does not oxidize it. By 
using OMIBF4, we have eliminated the use of caustic chemicals or extreme temperatures 
to exfoliate the graphene. The small number of sheets in the functionalized material, as 
shown by AFM, is 5 to 6 sheets in height with the same spacing as graphite. This method 
produces small dispersible stacks of graphene using a green and more scalable procedure 
than previously known and could be prove exceedingly effective for making graphene 
based composites. 
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TV. Experimental 
Expanded graphite (10 mg, 0.83 mequiv, SupraCarbonics, LLC) was ground by 
hand in an agate mortar and pestle with a diazonium salt (1.1 equiv per mequiv C) and 
OMBF4 (2 mL) for 10 min. The base, K2C03 (10 mg, 0.8 equiv C), was then added and 
the mixture was ground for an additional 5 min. The sides of the mortar were scraped 
down with the pestle during grinding to ensure complete mixing. The mixture was 
washed from the mortar and pestle using acetone and the resulting suspension was 
filtered on a Teflon membrane (0.45 um). In order to remove the ionic liquid and 
unreacted organic material, the filter cake was washed with acetone and DMF until the 
filtrate was clear. 
A water wash followed to dissolve excess base. The solid was removed from the 
filter with a spatula and sonicated (Cole-Parmer Ultrasonic Cleaner, Model 08849-00, 12 
W, for 10 min) in DMF (5 mL) and isolated by filtration. The sonication and filtration 
was repeated with acetone. The material was then analyzed. 
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Chapter 3 
Functionalization of Single-Walled Carbon Nanotubes "On Water" 
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I. Introduction 
The use of water as a solvent has been shown to increase the rate and yield of 
many organic reactions.1"3 Even reactions with water insoluble solids have generated 
successful results, proving water solubility is not necessary.2 It is thought that the 
increased rate and yield are due the hydrophobic nature of the reagents, since their 
repulsion from water would increase the collisions between organic molecules and 
increase their ground-state energies, leading to an increase in the rate of the reaction.2 If 
a reaction proceeds "on water",1,2 then replacement of environmentally unfriendly, 
potentially dangerous and/or expensive organic solvents with water would be beneficial. 
In this work we explore the "on water" functionalization of bundled single-walled 
carbon nanotubes (SWCNTs). We and others recently reviewed the covalent 
functionalization of SWCNTs4 and numerous protocols for the covalent and non-covalent 
functionalization of SWCNTs have been published,5 including several that produced 
water-soluble functionalized SWCNTs,58"0 or SWCNTs wrapped with surfactants to 
produce individual water soluble SWCNTs for further reactions.56 However, no 
conditions had been developed in which the functionalization of non-surfactant wrapped 
SWCNTs has been carried out "on water". The method described here provides 
SWCNTs that are functionalized to similar degrees as provided by previously disclosed 
routes,4'5 however, water can now be substituted for any organic solvents formerly used 
in the diazonium based processes. Functionalization of SWCNTs can greatly enhance 
their utility in the formation of composites by aiding in dispersability and ensuring 
efficient interactions between the SWCNTs and the host materials.4'5f 
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R = F, CI, Br, I, S03H, C02H, N02 l t-butyl, n-butyl, methyl ester 
Scheme 1. Functionalization of SWCNTs "on water" with vigorous stirring. 
R group 
F 
CI 
Br 
I 
SO3H 
C02H 
N0 2 
tert-butyl 
H-butyl 
COCH3 
D/G ratio 
0.35 
0.60 
0.30 
0.29 
0.54 
0.23 
0.22 
0.35 
0.31 
0.20 
Table 1. Calculated D/G Ratios from Raman spectra. The spectra were taken at 633 nm 
excitation and the intensity values were averaged over 5-6 scans. 
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II. Results and Discussion 
In a typical experiment, purified SWCNTs6 (10 mg) and deionized water (30 mL) 
were added to a 100 mL round bottom flask. The contents were homogenized7 using an 
adjustable speed Dremel tool (Model 400 XPR) fitted with a standard-capacity rotor-
stator generator (Cole Parmer part #A-36900-62) at the medium setting for 30 min and 
then the homogenizer was removed . The reaction flask was heated to 80 °C in an oil 
bath. The aniline (4 equiv per SWCNT C) and isoamyl nitrite (2 equiv per SWCNT C) 
were then added and a condenser was attached. The mixture was stirred vigorously with 
a Pyrex-coated stirbar (Scienceware spinbar, 1 in * 3/8 in) at 80 °C overnight. The 
contents were allowed to cool to room temperature and were then filtered on a Teflon 
filter (0.45 um). The filter cake was washed with deionized water and acetone until the 
filtrate was clear. The product was removed from the filter and sonicated (Cole-Parmer 
Ultrasonic Cleaner, model 08849-00, 12 W, 10 min) in DMF (25 mL) to remove any 
remaining unreacted organics. The solid was collected by filtration using a Teflon filter 
(0.45 um) and rinsed with acetone. 
The weight of the functionalized material collected after work up was much 
higher than expected. The excess weight was first thought to be unreacted organic 
material, but the weight did not decrease with additional rinsing with water and organic 
solvents. It was then thought that the weight gain might be due to polyarylene formation 
on the sidewalls of the SWCNTs from addition of the aryl radical intermediates to the 
initially formed sidewall functional groups, but elemental analysis was inconclusive due 
to the high carbon content of the materials and hence their inefficient combustion. After 
the reactions, it was noted that the Pyrex stirbar and round bottom flask showed signs of 
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wear. The amount of wear was different for each sample and was due to the friction 
between the glass-coated stirbar and round bottom flask during stirring. The increased 
weight of the products was found to be due to powdered glass. The glass was removed 
from the 4-chloroaniline functionalized material by stirring the product in hydrofluoric 
acid (10% for 10 min in a polypropylene container). Extreme caution should be taken 
when using hydrofluoric acid. Proper safety procedures should be practiced at all times. 
X-ray photoelectron spectroscopy (XPS) confirmed the silicon was removed from the 
material. The resulting overall weight gain in the product was comparable to prior results 
using alternative solvent systems, namely 20-30% weight increases.5b This value also 
correlated with the thermogravimetric analysis (TGA) weight losses (10 °C/min to 850 
°C,Ar).4a 
When attempting to optimize the experiment, several known methods for 
functionalizing SWCNTs using diazonium chemistries8 were surveyed. In an attempt to 
duplicate the functionalization of surfactant wrapped SWCNTs, we added isolated 
diazonium salts to the bundles "on water" at an elevated pH with some success. 
However, the "on water" formation of the diazonium species through the oxidation of the 
aniline produced a higher degree of functionalization and better reproducibility. Another 
functionalization method used sodium nitrite as an oxidizing agent under acidic 
conditions.50 We attempted using sodium nitrite under aqueous neutral or acidic pH 
conditions "on water" and found that the acidic system produced functionalized SWCNT 
with a moderate level of success as judged by the Raman spectral analysis. This is 
probably due to the increased rate of formation of the nitrosonium species in acid to 
eventually form the diazonium species in situ. Another oxidizing agent used in solvent 
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free functionalization of SWCNTs is isoamyl nitrite,86 which we found to give the highest 
degree of functionalization in these "on water" reactions. Ethyl nitrite and tert-buty\ 
nitrite were evaluated but gave lower degrees of functionalization. 
Other experimental conditions were examined, but none increased the degree of 
functionalization. A biphasic system of water and chloroform was attempted and 
produced a low degree of functionalization when compared to results obtained in a water-
only system. Increasing the pH of the system with NaOH increases the solubility of the 
SWCNTs functionalized with acidic moieties, but we did not see an enhancement in 
functionalization. The use of brine instead of water gave no improvement in 
functionalization. Homogenization during the reaction58 or the use of AIBN as a radical 
initiator58,0 did not improve the degree of functionalization. A temperature study between 
room temperature and 100 °C indicated the optimal temperature for the reaction was 80 
°C. The procedure produced functionalized SWCNTs at higher and lower temperatures, 
but with a decreased D/G ratio. The use of the Pyrex-coated stirbaf was helpful because 
the Teflon coated stirbars became caked with the nanotube products, lowering the 
degrees of functionalization and making product recovery more difficult. 
The functionalized SWCNTs were characterized using spectroscopic and 
microscopic methods commonly utilized in SWCNT analysis.4. The Raman spectra of 
the purified SWCNTs starting material show a disorder mode (diamondoid or D-band) 
with a very low intensity at 1290 cm"1. Spectra of the functionalized materials show an 
increased intensity in the disorder mode, indicating functionalization of the SWCNTs. 
The increase in the D-band is attributed to the sp3-carbons present in the SWCNTs after 
functionalization.58 The relative degrees of functionalization were determined by dividing 
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the intensity of the disorder mode by the intensity of the tangential mode (graphitic or G-
band) at 1590 cm"1. It is significant to observe the resonance Raman enhancement of the 
pristine SWCNT spectrum when compared to the functionalized material (Figure 1); the 
loss of the resonance enhancement is diagnostic of the sidewall functionalization.58 This 
is characteristic of all samples obtained here. 
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Figure 1. Raman (633 nm, solid) of (A) purified SWCNTs and (B) SWCNTs 
functionalized with 4-chloroaniline and isoamyl nitrite "on water". 
UV/vis/NIR was also performed to characterize the SWCNTs. The absorption spectrum of 
pristine SWCNTs shows the characteristic van Hove singularities while the spectra of 
functionalized material showed a dramatic decrease in the van Hove singularities 
diagnostic of sidewall covalent bonding (Figure 2).5g 
5 1 
.15H 
Functionalized SWNTs 
Purified SWNTs 
400 600 1200 800 1000 
Wavelength (nm) 
Figure 2. UV/vis/NIR absorption spectra in DMF or purified SWCNTs and 4-
chloraniline functionalized SWCNTs in water. The solid and dashed lines represent 
purified and functionalized SWCNTs, respectively. 
51 
X-ray photoelectron spectroscopy (XPS) was performed on all products from 
reactions listed in Scheme 1. As noted above, XPS of the 4-chloroaniline functionalized 
SWCNTs prior to the hydrofluoric acid rinse showed the presence of silicon (Figure 3). 
Analysis of the same sample after acid exposure found no silicon present (Figure 4). 
Otherwise, each sample had the appropriate elements present. The presence of each of 
the elements further confirms the successful functionalization of the SWCNTs. The 
presence of nitrogen and oxygen can be attributed to commonly observed surface 
contamination. 
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Figure 3. XPS analysis of the (A) carbon Is, (B) nitrogen Is, (C) oxygen Is, (D) chlorine 
2p and (E) silicon 2p regions of the functionalized SWNTs prior to acid treatment. The 
XPS beam size was 100 urn with a 45° takoff angle and a pass energy of 26.00 eV. 
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Figuer 4. XPS analysis of the (A) carbon Is, (B) nitrogen Is, (C) oxygen Is, (D) chlorine 
2p, (E) silicon 2p and (F) fluorine Is regions of the functionalized SWNTs after acid 
treatment. 
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An NS1 NanoSpectralyzer was used to characterize the semiconducting SWCNTs 
in the unfunctionalized SWCNTs starting material using near IR fluorescence 
spectroscopy.9 The SWCNTs used in these experiments were produced using gas-phase 
catalytic growth from carbon monoxide (HiPco).10 It is known that SWCNTs prepared 
by this method are in many assorted diameters and chiralities. To define and characterize 
a SWCNTs' diameter and vector, the intergers n and m are used. The metallic SWCNTs 
(n - m = 0) have a bandgap of 0 eV and the semiconducting SWCNTs (n - m * 3q, where 
q is an integer * 0) have a bandgap of ca. 0.8 to 1.4 eV.5s The semimetallic SWCNTs (n -
m = 3q and q * 0) have a bandgap of 10-20 meV. Semiconducting SWCNTs fluoresce,11 
while the metallic and semimetallic SWCNTs do not. 
The SWCNTs (1.5 mg) were sonicated (Misonix Microsor Ultra Sonic Cell 
Disruptor XL2000, 7 W) for 5 min in 1 wt% sodium dodecylbenzenesulfonate (SDBS) in 
water. The best results were achieved using crude rather than purified unfunctionalized 
SWCNTs. The NanoSpectralyzer measured the fluorescence (integration time 200 ms) 
using a 660 ran and 785 nm laser. Figure 4 shows the excitation spectra of a sample of 
crude SWCNTs from the same batch of SWCNTs from which a portion was purified and 
used for the "on water" functionalization reactions. From this spectral data, the relative 
abundance of the different semiconducting tubes can be addressed. 
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Figure 4. Excitation spectra (660 and 785 nm) of crude SWCNTs using a NS1 
NanoSpectralyzer. The 660 nm spectrum is blue and the 785 nm spectrum is red. The 
circles represent the actual data points measured and the lines represent the simulated 
spectra. 
Figure 5 illustrates the relative amount of each type of semiconducting SWCNT by (n,m) 
value, with the (7,6) species being the most abundant in this batch. 
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Figure 5. Illustration of the relative amounts of each (n,m) of the semiconducting 
SWCNTs present in the sample. The intensity of the hexagon represents the relative 
number of SWCNTs of that chirality in the sample. 
Figure 6 is a histogram of the relative abundance of each SWCNT diameter 
generated from the spectral data. About 80% of the SWCNTs in this sample were found 
to be between 0.75 and 0.95 nm in diameter. These values can be used, in turn, to 
estimate the number of SWCNTs in a bundle whose height is measured by atomic force 
microscopy (AFM). 
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Figure 6. A histogram of the relative abundance of the SWCNTs diameters present in 
the sample. Each (n, m) species has a known diameter. The relative abundances as 
displayed in Figure 5 can then be summed over diameter steps of 0.05 nm to produce the 
distribution above. 
AFM and transmission electron microscopy (TEM) showed that the functionalized 
SWCNTs are present as individuals as well as in small bundles. Tapping mode was used 
to obtain images by AFM (Figure 7). The height data showed diameter measurements 
between 1.1 and 5 nm. Using the data for SWCNT diameters obtained from the NS1 
Nanospectralyzer, these heights correspond to a few individual SWCNTs and bundles of 
up to five SWCNTs. TEM images agreed with the AFM findings as Figure 8 shows a 
small bundle of functionalized SWCNTs as well as an individual functionalized SWCNT. 
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TEM images of unfunctionalized SWCNTs are known to have smooth sidewalls.58 The 
image in Figure 8 shows bumps along the sidewalls of the SWCNTs, indicative of the 
functional groups. Without the functional groups present, the SWCNTs would rebundle 
due to their 0.5 eV/nm inter-tube attractive forces. 
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Figure 7. (A) AFM analysis (spin coated onto freshly cleaved mica in DMF) by height 
of 4-chloroaniline functionalized SWCNTs in water. (B) The sectional analysis across 
the black line illustrates the height data in nanometers (C) of the functionalized 
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SWCNTs. The vertical distances range between 1.1 and 5.0 nm. This range corresponds 
to small bundles (individual SWCNTs are less than 1.4 nm)5c of SWCNTs. 
Figure 8. TEM image (on a lacey carbon grid) of SWCNTs functionalized with 4-
chloroaniline in water. A small bundle of functionalized SWCNTs can be seen on the left 
and an individual functionalized SWCNT is on the right. The scale bar is 10 nm. 
Functional groups can be seen along the sides of the SWCNTs. The top and bottom 
structures are characteristic of the lacy carbon. 
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III. Conclusion 
Running reactions "on water" could reduce harmful waste and reaction times 
while increasing yields and reactions rates; which would increase overall efficiency.1"3 In 
an environmentally friendly process, the reaction of SWCNTs "on water" in the presence 
of a substituted aniline and an oxidative species yields functionalized material. The 
functionalized SWCNTs were characterized using spectroscopic and microscopic 
methods, which indicated the product existed as individuals and small bundles. 
Spectroscopy confirmed the findings of microscopy as UV/vis/NIR results showed the 
absence of von Hove singularities and Raman spectra displayed elevated D/G ratios. 
Fluorescence data assisted in the determining of the number of SWCNTs present in the 
bundles observed in AFM images. 
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I. Introduction 
Single-walled carbon nanotubes (SWCNTs) are regarded as ideal one-
dimensional building blocks for electronic devices, electrical wiring, sensor arrays, and 
other nanoscale applications.1 SWCNTs can be best described according to their n,m 
types. The diameter and vector in which a graphene sheet is conceptually rolled to form 
a nanotube is defined by two integers, n and m, which define the nanotube type.2 There 
are three cases for considering band structure from the n and m values. When n — m = 0, 
the SWCNTs are metallic-like with a bandgap of 0 eV and they are referred to as 
armchair nanotubes. When \n — m | = 3q, where q is a non-zero integer, the SWCNTs 
are semimetallic-like, so-called mod-3 tubes, with bandgaps on the order of me Vs. All 
other nanotubes are semiconductors with bandgaps varying between ca. 0.8 to 1.4 eV for 
HiPco-derived SWCNTs. HiPco synthesized SWCNTs produce about 80 different tubes 
types, approximately two thirds of those being semiconductors. All nanotube growth 
protocols form polydisperse (in n and m) nanotube batches, although some protocols are 
less polydisperse than others.3 The wide variety of SWCNT types that are co-produced in 
one batch of SWCNTs, and a lack of methods for preparatively well-separating those 
types, makes it difficult to construct devices that take advantage of the physical 
characteristics such as their bandgap. The control of the n,m indices of synthesized 
SWCNTs is a crucial factor for successful applications4 utilizing their unique electric 
transport behaviors.5 Although chemical and physical separation methods have been 
developed to sort SWCNTs to some extent,6 to date none have produced large quantities 
of «,m-controlled structures. The use of vapor liquid solid (VLS, a more accurate 
terminology in this case than chemical vapor deposition) growth methods is a promising 
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protocol for the production of SWCNTs with a narrow diameter distribution since the 
diameters of SWCNTs correlate strongly with the sizes of metal catalyst particles,7 but 
controlling the precise n,m type of SWCNTs remains an unrealized synthetic challenge. 
While some researchers encouragingly reported8 the continued growth of original 
SWCNT fibers, we did not show direct evidence of seeded growth from individually 
identifiable SWCNTs since the growth of bundles of SWCNTs, rather than individual 
SWCNTs, was monitored. My contribution to the project involved the production of the 
SWCNT seeds. Yubao Li was responsible for the growth of the SWCNTs and the AFM 
images. 
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II. Results and Discussion 
The amplification process here was demonstrated microscopically on a single 
SWCNT. Hence, this could lead the way to a methodology wherein, given a small pure 
n,m sample of SWCNTs, one might use the nanotubes in that sample to serve as seeds 
and templates for generating more of that tube type. Thus the original small sample of 
pure n,m type SWCNTs would be the progenitor of large quantities of the duplicated n,m 
type, in some ways Similar to the polymerase chain reaction's amplification processes for 
DNA. The overall process is described in Scheme 1. Starting with HiPco SWCNTs (1), 
they were baked in hot moist air and extensively washed in hydrochloric acid.10 That 
cleaning process cracks any carbon shell around Fe, thereby exposing the Fe to 
dissolution in acid. The cutting process involved the previously described high 
temperature fluorination to induce defects, hydrazine treatment to remove the fluorine, 
and final treatment with H2SO4-H2O2 to chemically cut, shorten and end-oxidize the 
SWCNTs.9 This procedure further removes residual iron content in the HiPco generated 
SWCNTs, and we have demonstrated that SWCNTs treated by this protocol do not 
further grow upon C2H4 VLS growth exposure, with or without H2 pretreatment. 
The SWCNTs were then polymer-wrapped with Pluronic F87 (MW = 7700, 
BASF) which is a triblock polymer of poly(ethylene glycol)/poly(propylene 
glycol)/poly(ethylene glycol), and subjected to ultracentrifugation to yield a decant that 
was >90% Pluronic-wrapped individual SWCNTs (3), again carried out according to 
well-established protocols.11 Throughout the process, ultrapure water was used 
(Barnstead, Model # D4751). 
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Poly(ethylene imine) (PEI) (MW = 600, Sigma-Aldrich) was used to occlude 
Fe(N03)3 and further form carboxylate/ammonium salt complexes with the carboxylated 
ends of the Pluronic-wrapped SWCNTs (3). A PEI-Fe(NC"3)3 stock aqueous solution 
made from 1 mg L"1 PEI and 4 mg L"1 Fe(NC>3)3 was freshly prepared (the fresh 
preparation is important). 1 mL of the PEI-Fe(N03)3 stock solution was mixed with 5 mL 
of aqueous Pluronic-wrapped SWCNTs (3) (19 mg L"1) and the mixture was gently 
stirred with a Teflon-coated magnetic stir bar overnight to yield the Pluronic-SWCNT-
PEI- Fe(N03)3 (4) as depicted in Scheme 1. 
A polished Si substrate covered with a native silicon oxide layer was inscribed 
with a locator recognition trench (Figure 1) using a diamond scribe; the end of the trench 
was used to image, by atomic force microscopy (AFM), the precisely same location of 
the substrate before and after VLS growth. The Pluronic-SWCNT-PEI-Fe(N03)3 (4) was 
deposited onto the substrate via dipping the silicon-silicon oxide substrate into the 
solution of 4. Some of 4 was therefore located near the end of the recognition trench 
(Figure la). Before characterization, the sample was oxidized in air at 350 °C for 10 min 
to oxidativley remove the Pluronic and PEI portions from 4 while the Fe(N03)3 was 
converted to iron oxide (FeO) clustered about the SWCNT's carboxylated ends to afford 
material as depicted by 5. At this temperature in air, the carbon nanotube's framework is 
unreative. 
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Scheme 1. A depiction of the amplification growth process of a carbon nanotube. HiPco-
derived SWCNTs (1) were cleaned and chemically cut to yield several (n > 1, and 
dependent on the original tube length and the cutting time) shorter fragments of 
nanotubes (2) that had oxidized ends that were predominantly carboxylic acids, but could 
also contain cyclohexenones. Polymer wrapping 2 with Pluronic F87 yields water-
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soluble nanotubes and an unbundled fraction, 3, could be obtained by ultracentrifugation. 
Treating 3 with a mixture of PEI and Fe(NC>3)3 affords SWCNTs 4 that remain as 
individuals but have iron nitrate or oxide salts co-complexed with the PEI that is acid-
base associated with the nanotube ends. After depositing 4 on a silicon oxide surface, 
heating in air results in combustive loss of the Pluronic and PEI associating units, leaving 
iron oxides at the termini of the SWCNTs as in 5. Heating 5 under an Ffc atmosphere 
causes reduction of the iron oxides to Fe(0), and etching (reductive docking) of the Fe(0) 
into the SWCNT, thereby generating a templated iron particle on the end of each 
SWCNT as in 6. When short 6 was then subjected to growth conditions in a C2H4 
environment, the SWCNT-templated Fe-nanoparticles amplify the templated nanotube 
structure forming long 7 with the same type characteristics as in 1. Although not 
demonstrated here, the ultimate amplification process would subject 7 to the cycle again, 
thereby generating a repetitive method for carbon nanotube growth with the hope of 
selective n, m type amplification. 
The substrate supporting 5 was placed in a tube furnace and heated in H2 (1 atm) 
for reductive docking treatment where the FeO is reduced to Fe(0) and can begin to etch 
into the SWCNT, forming the SWCNT-docked-Fe (6) seed. A majority of the SWCNT 
seeds remained during docking at 500-750 °C for 5-30 min, but if longer docking times 
are used, few SWCNTs remain since the Fe-catalyst particles, when no carbon feed gas is 
present, can efficiently etch into the tubes until there is no remaining SWCNT carbon and 
this occurs rapidly at >550 °C. A particular 200 nm SWCNT-docked-Fe (6) is apparent 
in Figure la (docked at 500 °C for 20 min). The height measurement result is shown in 
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Figure lb. The seed had a height of 0.73 nm, indicating an individual cut SWCNT that 
was indeed no longer polymer wrapped (the wrapping had been consumed during the 
initial thermal treatment described above; HiPco-derived SWCNTs have diameters 0.6-
1.4 nm.12) The angle between its orientation and the left edge of the scribe mark is about 
33°. 
The VLS growth experiment was carried out in a normal electric furnace with a 
quartz tube chamber. Though our overall efficiency of amplification remains low (vide 
infra), our best conditions for clean and reproducible growth of 6 used C2H4 as the carbon 
growth source. The chamber containing the sample was purged with ultra pure argon gas 
at a flow rate of 1000 seem for 1 h. The temperature of the sample was then ramped up to 
750 °G in 20 min in the presence of 400 seem Ffc and 600 seem Ar. When the 
temperature reached 750 °C, C2H4 was introduced to initiate the growth of 7. During the 
growth, the flow rates were kept at 100 seem for C2H4,400 seem for H2 and 500 seem for 
Ar. Growth was continued for 5 min. After the growth, the flow of C2H4 and H2 was 
halted, and the sample was cooled to room temperature under Ar. The cooled sample of 
the amplified SWCNTs (7) was characterized using AFM (Figure 1). 
A long and straight bidirectionally grown SWGNT, 6.7 um in length, imaged after the 
VLS amplification (Figure le), had the same orientation, relative to the inscribed 
recognition trench, as that of the seed SWCNT-docked-Fe (7) shown in Figure la. The 
height measurement for the amplified SWCNT (7) in Figure Id was 0.72 run, identical, 
within error (±3%) to the height of the original seed (6), suggesting a template growth of 
6 to 7. A large particle can be seen at the lower-left end of the grown tube (Figure le), 
indicative of carbonacious growth around the original Fe-catalyst; it is this carbonacious 
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growth process that is believed to be the a source of termination in typical metal-
catalyzed SWCNT growth processes.13 The fact that the seed SWCNT-docked-Fe (6) and 
the newly-grown SWCNT (7) had the same height and orientation relative to the inscribe 
trench mark indeed suggests that the SWCNT in Figure Id grew from the seed in Figure 
la. 
Furthermore, that the newly grown nanotube segments could have been formed from 
residual Fe-catalyst remaining on the original nanotube from the HiPco growth can be 
ruled out by two factors. First, without reattachment of catalyst as described in Scheme 1, 
we have never observed continued growth after the acid/oxidation cleaning and cutting 
preparations described here. Secondly, and even more convincingly, the nanotube seeds 
described here grew bidirectionally. Any HiPco-derived nanotube only has Fe at one 
end. Therefore, in the unlikely event that Fe did remain at the end of a cut nanotube, it 
would have only been possible to be at one end and not both ends, as observed here. This 
ensures that the growth observed here was indeed seeded growth and not the result of 
residual Fe from the HiPco reactor. 
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Figure 1. AFM images atop silicon-silicon oxide of a starting short SWCNT and its 
amplified growth material, (a) The starting 200-nm long reductively docked seed-
SWCNT-Fe (6) (white arrow) is seen, while noting its position and angle relative to the 
locator inscription (red arrow), (b) A height measurement shows the seed-SWCNT-Fe 
(6) to be 0.73 nm. (c) After exposure to the C2H4 growth conditions, the product 
amplified SWCNT (7) (white arrow) had the same relative angle to the locator inscription 
(red arrow) as did 6, and (d) nearly the identical height of 0.72 nm over several points 
measured along its entire length, (e) The entire length of the amplified nanotube 7 is 6.7 
jam between the yellow arrows, with a white arrow noting the original SWCNT seed 
location and a red arrow noting the locator inscription. 
A second amplified growth example [(using a solution of PEI-Fe(N03)3 freshly 
prepared from 10 mg L"1 PEI and 4 mg L"1 Fe(N03)3; 1 mL of this PEI-Fe(N03)3 stock 
solution was mixed with 5 mL aqueous Pluronic-wrapped SWCNTs (3) (19 mg L"1) and 
the mixture was gently stirred overnight to yield the Pluronic-SWCNT-PEI-Fe(N03)3 (4)] 
is shown in Figure 2. The reductive docking treatment was completed by annealing the 
sample in H2 at 500 °C for 30 min, and the VLS growth was continued for 10 min under 
the same gas flow conditions as described above. Figure 2a shows the AFM images of a 
480-nm SWCNT-docked-Fe (6) recorded after the reductive docking (inscribed locator 
trench outside of the shown area, but a nearby (black arrow) nanotube fragment can be 
used as a reference point). The height measurement (Figure 2b) shows the seed is about 
1.20 nm in diameter, suggesting that it is as individual SWCNT,12 not a bundle. As shown 
in Figure 2c, an amplified SWCNT 7 formed at the same position as the original seed 
after the VLS growth. The diameter of the grown SWCNT was 1.10 nm, as indicated in 
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the height measurement result shown in Figure 2d, with a length of 7 um (Figure 2e). Its 
orientation remained the same as that of the original seed. Figure 2d reveals that the tube 
passed over the inscribed recognition trench in the substrate during the growth. 
Therefore, this serves as a second example of seeded-SWCNT amplified growth from an 
individual templated short SWCNT. 
Figure 2. AFM images atop silicon-silicon oxide of a starting short SWCNT and its 
amplified growth material, (a) The starting 480-nm long reductively docked seed-
SWCNT-Fe (6) (white arrow) is seen. Further, a pointed nanotube fragment can be used 
as a nearby reference point (black arrow), (b) A height measurement shows the seed-
SWCNT-Fe (6) to be 1.20 nm, again with a black arrow (inset) noting the pointed 
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nanotube fragment reference, (c) After exposure to the C2H4 growth conditions, the 
product amplified SWCNT (7) (white arrow) had (d) nearly the identical height of 1.10 
nm over several points measured along its length, (e) The entire length of the amplified 
nanotube 7 can be seen to be 7 urn between the yellow arrows with the original seed 
location (white arrow) and pointed nanotube fragment (black arrow) being noted. 
A vast array of seed preparations from varying cutting protocols and 
functionalized (both covalent addends and non-covalent polymer wrappings) SWCNTs, 
catalysts (based upon iron salts, iron-molybdenum clusters,14 and mixed metals of Fe, Ni, 
and Co), surface depositions methods (spin coating, dipping, voltage driven depositions), 
surface substrates (silicon oxide, silicon hydride, magnesium oxide, highly ordered 
pyrolytic graphite, mica and sapphire), and growth conditions including varying 
temperatures (500-950 °C), pressures and growth gases (C2H4, CO, CH4) were explored. 
Extreme care must be exercised, for example CO is often contaminated with trace iron 
which can catalyze new unseeded growth of SWCNTs on a surface. Furthermore, traces 
of iron in the seeds solutions can promote new unseeded growth. Therefore careful image 
location and orientation must be analyzed and maintained between SWCNT seeds and the 
VLS-grown products. Over the vast array of conditions studied, the best conditions are 
described here which minimize unseeded growth and maximized the seeded growth 
observed. Even with all this optimization, our best yields for seeded growth were only 
about 3%, meaning that most of the observed SWCNTs on the surface never grew, and 
this can even be seen in Figures 1 and 2 where there are many non-growing SWCNTs. 
The catalyst concentration on the ends of the SWCNTs was either too high or too low to 
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see any amplification of most of the deposited SWCNTs, and control of this factor is 
likely critical for an efficacious route to be developed. While precise catalyst 
concentration for reductive docking is not essential since even a large particle can result 
in the consumption of a SWCNT, careful control of catalyst particle size is probably 
required in this template growth method since carbon overcoating of the metal or tube 
pinch-off could be common growth termination sources.13 The preparations of active 
SWCNT seeds are presently low-yielding and the docked products are impossible to 
characterize when it comes to assessing the number of metal atoms per tube end. We 
invested a great deal of effort to use more well-defined metal clusters for docking to the 
ends of SWCNTs, namely the well-defined Fe-Mo cluster 
[HxPMoi204o<H4Mo72Fe3o(C^CMe)i50254(H20)98], which has been used for surface 
growth of unseeded SWCNTs,14 but again, the results were inferior to those reported 
here. Therefore, the amplification result here, albeit low-yielding, is unprecedented. 
Furthermore, to be ultimately successful in generating specific tube types from a given 
sample, the process requires fractionation of the SWCNT types to be done once, on a 
small scale, followed by efficient cutting and high fidelity amplification based on seeded-
growth, for the requisite replicating process. Therefore, the work described here is 
merely a proof-of-concept in the overall goal of large-scale amplification. Moreover, our 
analysis of nanotube-type fidelity is based solely on height; therefore, further assessment 
will be critical using microscopic Raman analysis to verify retention of n,m type between 
the original and new segments. 
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III. Conclusions 
In summary, the growth of SWCNTs from individual short SWCNT seeds has 
been demonstrated. The process involved the sequence of templated VLS growth of 
individual SWCNTs. The original SWCNT systems were short polymer-wrapped 
individual SWCNTs, end-carboxylated, and further tethered with Fe salts. Deposition of 
the SWCNT-Fe salts upon an oxide surface was followed by heating to consume the 
functional polymer wrappers while reducing the Fe salts to Fe(0) under a Fk-rich 
atmosphere. During this heating, the Fe(0) can etched into the SWCNT, thereby 
reductively docking into the SWCNT so that the SWCNT acts as a template for 
elongation growth that occurs upon introduction of a carbon source. Analysis indicated 
that each VLS-grown SWCNT had the same height and surface orientation as the original 
SWCNT seeds, thereby suggesting amplification of the original nanotube. The large 
increase in length, to several um was achieved during 5-10 min growth processes. This 
study establishes a method for an amplified growth process of SWCNTs with the hope of 
duplicating any desired n,m tube; a process that will be required for many electronics and 
optoelectronics applications. 
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Chapter 5 
Aggressively Oxidized Ultra-Short Single-Walled Carbon Nanotubes 
Have Oxidized Sidewalls 
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I. Introduction 
The modification of single-walled carbon nanotubes (SWCNTs) is often 
necessary in order to take advantage of their unique mechanical properties.1 In many 
cases, the SWCNTs are chemically modified to increase solubility and dispersion in 
aqueous or organic solvents. ' When needed, the SWCNTs are oxidized to yield 
carboxylic acid and hydroxyl groups on the ends and/or sidewalls of the SWCNTs; the 
number and location of those addends depends on the oxidation conditions.4 We have 
reported that when SWCNTs are aggressively oxidized in a mixture of fuming sulfuric 
acid (oleum) and nitric acid, that (a) the length of the SWCNTs are shortened or "cut", 
(b) the sidewalls are functionalized, and (c) the majority of the addends are carboxylic 
acids. These proposed oxidized and ultra-short SWCNTs (US-SWCNTs) have formed 
the basis for many of our subsequent research studies in materials and medicinal 
applications with nanotubes.5 Therefore, we were naturally concerned regarding the 
recent suggestion by Salzmann et al.,6 where they concluded that so-called oxidized 
SWCNTs maintain a carbon sp2 framework along their sidewalls and that they are only 
soluble in water due to the presence of "carboxylated carbonaceous fragments (CCFs)" 
that are produced during oxidation and that the CCFs subsequently strongly physisorbed 
to the parent and unoxidized SWCNT scaffolds. 
There are several reports in the literature4 with methods to oxidize SWCNTs to 
various degrees, each of which has differences. In order to repeat a protocol and obtain 
the same products, the procedures must be well-described and strictly followed. Our 
motivation here was not to reproduce the work by Salzmann et al., but merely to use their 
protocol of subsequent strong base treatment to remove the CCFs, if any, and report upon 
81 
the more precise identity of the US-SWCNTs. Here we describe, in detail, the method to 
produce US-SWCNTs by purification, disentanglement using fuming sulfuric acid, 
aggressive oxidation with fuming sulfuric acid and nitric acid, treatment with strong base 
(per Salzmann et al.)6 and work-up protocols that remove CCFs (Scheme 1). We 
conclude that our US-SWCNTs (a) are shortened and that the length of the cut nanotubes 
can be tuned based on the temperature of oxidative treatment and (b) have heavily 
compromised sidewalls; however, (c) the majority of addends are hydroxyl groups rather 
than carboxylic acids as we had originally disclosed. The carboxylic acids likely remain 
at the ends of the tubes from the cut positions. The hydroxyl groups are sufficient to 
render the nanotubes quite soluble in water even without the CCFs. Therefore, the 
Salzmann et al. protocol of hot base treatment is an effective method to remove small 
amounts of physisorbed CCFs. 
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Scheme 1. As-received HiPco SWCNTs were purified (p-SWCNTs) to remove the 
catalyst and amorphous carbon. The p-SWCNTs were disentangled to form d-SWCNTs 
and oxidized to yield US-SWCNTs, which were then heated with 8 M aqueous NaOH. 
The US-SWCNTs were isolated by filtration with the CCFs in the resulting filtrate. 
Water soluble US-SWCNTs were present in the second black filtrate after the filter cake 
was washed with DI water. 
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II. Results and Discussion 
The purification procedure used on the SWCNTs is a two-step process.7 As-
received HiPco SWCNTs8 are heated in a humid environment, which oxidizes amorphous 
carbon and small fullerenes in the sample to carbon dioxide and also causes the carbon 
shell around the SWCNT metal catalyst to crack and expose the metal inside. This 
method eliminates non-SWCNT carbon material in the sample, which could promote 
CCF formation. The SWCNTs were continually rinsed in a Soxhlet apparatus with 6 M 
HC1 to remove the metal catalyst until the aqueous HC1 in the Soxhlet was clear and 
colorless. The solid material was then transferred to a vacuum filter funnel fitted with a 
polycarbonate membrane (0.45 u,m). While on the vacuum filter funnel, without vacuum, 
the filter cake was washed with aqueous sodium bicarbonate to neutralize the solution, 
then filtered, and further washed with copious amounts of water. The resulting purified 
SWCNT (p-SWCNT) material was dried and ready for further use. Other methods to 
purify SWCNTs use nitric acid,9 potassium,10 higher temperatures11 or microwaves.12* 
SWCNTs display unique behavior when subjected to microwave radiation which may 
alter the structure of the SWCNTs, therefore the use of microwave purification was 
avoided. Nitric acid oxidizes the SWCNTs and was also avoided during purification. 
The p-SWCNTs were then oxidized. The oxidization step begins by stirring the 
bundles of p-SWCNTs in oleum for 72 h which yields disentangled SWCNTs (d-
SWCNTs).4a This step is crucial to ensure that the bundles of SWCNTs are well 
dispersed for subsequent efficient and even oxidation throughout the material. When the 
SWCNTs are not thoroughly dispersed, oxidization will occur on the outside of the 
SWCNT bundles, leaving unreacted SWCNTs in the resulting material. Other acids have 
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been used to oxidize SWCNTs,4'6 increasing the number of species in the material and 
complicating accurate analysis. Efficient debundling of SWCNTs should be done in 
water-free sulfuric acid to ensure individual SWCNTs.48,13 The d-SWCNTs were 
oxidized by carefully adding premixed nitric acid (50-70%) and oleum (100% sulfuric 
acid and 20% excess S03) (10:7 v/v) to the d-SWCNTs in oleum and stirred for 2 h.4a 
The d-SWCNTs were oxidized at 30, 40 or 65 °C.14 The oxidized SWCNT mixture was 
quenched by pouring over ice and filtering to yield a filter cake. The solid material was 
dispersed in a minimal amount of methanol and then flocculated in ethyl ether before 
filtration. The methanol and ethyl ether treatment was repeated until the methanol-ether 
filtrate was neutral. The resulting product was oxidized US-SWCNTs as we described 
previously.4* 
Following the protocol of Salzmann et al., the US-SWCNTs (50 mg) were then 
stirred in aqueous NaOH (8 M) at 100 °C for 2 d.6 It was suggested that the basic 
conditions reduce the n-n interactions between the CCFs and nanotubes and the 
electrostatic interactions of the ionized carboxylic acids increase repulsion between them. 
Hence the base treatment allows the CCFs to be easily filtered from the US-SWCNTs, 
yielding a red filtrate. The isolated black solid was then rinsed three times with water and 
the black-colored wash (second filtrate, 45 mg) was collected in a separate container. 
Soluble US-SWCNTs were noted in the black second filtrate, thus implying that water 
solubilizing functional groups remained on the US-SWCNTs. Not all of the solid 
material went through the filter; less than 3 mg of the black solid remained after three 
rinses with water. Unfimctionalized SWCNTs have hydrophobic properties and should 
not be soluble in aqueous solutions; therefore the soluble US-SWCNTs retained 
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functional groups. The base treatment was repeated on all of the SWCNT material (49 
mg) that was collected after the initial filtration to ensure the complete removal of the 
CCFs. The resulting filtrate was a very pale yellow, confirming the vast majority of CCFs 
had been removed in the first base treatment. 
The initial red filtrate was of great interest due to the possible presence of the 
CCFs. To neutralize the red filtrate solution, HC1 (12 M) was slowly added while stirring 
with heating; bubbling was observed upon neutralization. The cloudy solution became 
clear while maintaining its red color and was allowed to settle for 2 d, after which a dark 
brown solid was observed in the flask and was that then collected by filtration and 
analyzed. The collected brown solid (<1 mg) was a very small weight percent of the 
starting US-SWCNT material (50 mg). 
Characterization of the different fractions was then done. Raman spectra of the p-
SWCNTs show a disorder mode (diamondoid or D-band) with a very low intensity at 
1290 cm"1. Spectra of the US-SWCNTs show an increased intensity in the D-band that is 
attributed to the sp3-carbons present on the US-SWCNTs after oxidation (Figure 1). The 
relative degrees of oxidation, or the D/G ratios, were determined by dividing the intensity 
of the D-band by the intensity of the tangential mode (graphitic or G-band) at 1590 cm"1. 
It should be noted that Raman is not a quantitative tool to accurately determine the 
amount of functionalization of these US-SWCNTs. It is merely used for qualitative 
comparisons between samples and at least five scans on different areas of the samples 
were completed for our assessment. There were subtle differences observed between the 
Raman D/G ratios before and after base treatment. This may be due to the removal of 
CCFs in the base treatment. The US-SWCNTs retained a high degree of sp3 carbons after 
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base treatment. This suggests that the CCFs were not the only possible source of sp3 
carbons in the material. 
5000-1 
500 1000 1500 2000 
Shift (cm1) 
2500 3000 
Figure 1. Raman spectra (633 nm, solid sample) of US-SWCNTs before (blue) and after 
base treatment (red). The SWCNT material isolated after base treatment retained a high 
degree of sp3 carbons, confirming the presence of functional groups. 
FTIR analysis of the US-SWCNTs before and after base treatment illustrates a 
hydroxyl peak is present in both cases, but the carboxyl peak is not present after base 
treatment (Figure 2). Due to the fact that Cu, or another transition metal, was not present, 
decarboxylation of organic acids was not a plausible explanation. As a separate 
experiment, non-based washed US-SWCNTs were heated to 100 °C under vacuum to 
determine if the heating induced CO2 expulsion. The carbonyl peak was unchanged by 
FTIR. However, when the US-SWCNTs were treated with 8 M NaOH for 2 d at room 
temperature, filter and flocculated as previously, FTIR analysis indicated the loss of the 
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carboxyl species; therefore heat was not required. This result suggests that the CCFs are 
the source of the carboxyl structures. Since the US-SWCNTs were soluble in basic water 
after base treatment, solubilizing groups remained on the US-SWCNTs after removal of 
the CCFs, thus proving the sidewalk of the US-SWCNTs are actually oxidized after the 
above described oxidation method and not merely coated with CCFs. 
Wavenumbers (cm*1) 
Figure 2. FTIR of US-SWCNTs before (blue line) and after (green line) base treatment. 
The carboxyl peak is absent after base treatment. 
TGA of the p-SWCNTs and US-SWCNTs material was done in an inert 
environment to assess the amount of functional groups present in each product, p-
SWCNTs were also heated in air to determine the amount of metal catalyst remaining in 
the sample. SWCNTs are known to burn in air at elevated temperatures leaving the 
oxidized metal catalyst behind.4b The samples were heated to 200 °C at 20 °C rnin"1 and 
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held for 60 min to remove any solvent, and then heated to 900 °C at 10 °C min"1 under 
the same atmosphere. The TGA weight loss results show that p-SWCNTs contained 
<5% Fe when heated in air. The oxidized material lost roughly 40 wt%, which correlates 
to the oxygen containing functional groups on the SWCNTs. 
XPS was performed on SWCNTs to determine the percent of carbon, oxygen, 
nitrogen and iron in the material at various stages of oxidation. A minimal amount of Fe 
was found in all samples. The p-SWCNTs have a small amount of oxidation due to the 
heating process involved in the purification. As the SWCNT material is further 
processed, the carbon content decreases and the oxygen increases (Table 1). The US-
SWCNT-containing black filtrate isolated after base treatment showed a considerable 
amount of oxygen remaining on the US-SWCNTs. This further supports that the US-
SWCNTs sidewalls are actually oxidized and not purely coated with CCFs. The isolated 
solid from the red filtrate had a higher carbon to oxygen content than the US-SWCNTs. 
The XPS characterization illustrates that the material exposed to the oleum and nitric acid 
oxidation process was significantly oxidized. 
Table 1. XPS Results for SWCNTs During Various Stages of Oxidation 
SWCNT Sample Cls(%) Ols (%) Nls(%) 
p-SWCNTs 95 5 <1 
d-SWCNTs 87 13 <1 
US-SWCNTs 67 32 1 
Hydroxylated US-SWCNTs black filtrate 57 40 3 
Solid from red filtrate 64 36 <1 
The Raman spectra (633 nm excitation) of the brown solid collected after 
neutralization of the red filtrate showed that the material was highly fluorescent and the 
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D/G ratio was -1:1 with poorly defined peaks (Figure 3A) and the fluorescence is 
characteristic of the CCF material obtained by Salzmann et al.6 The ill-defined peaks are 
in the characteristic D and G-band region described previously and suggest the solid 
collected in the filtrate had a highly disordered graphitic structure. The lack of radial 
breathing modes indicates that they are not SWCNTs. 
Shift (cm') Wavenumbers (cm') 
Figure 3. (A) Raman spectrum (633 nm) of the brown solid (presumed CCFs) collected 
from the neutralized red filtrate after the base treatment of the US-SWCNTs. The 
material is more like graphite oxide than SWCNTs due to the high intensity of the D-
band. (B) FTIR of the brown solid from the neutralized red filtrate. The FTIR spectrum 
was found to have characteristic hydroxyl, carboxyl and carbon double bond stretches. 
The brown solid collected from the neutralized red filtrate was also analyzed by 
FTIR and was found to have characteristic hydroxyl, carboxyl and carbon double bond 
stretches at -3400, 1721, 1646 cm"1, respectively (Figure 3B). The spectrum suggests 
that carboxylic acids and benzene rings are present, agreeing with the Raman data. 
The SWCNT material was analyzed using tapping mode AFM for further 
characterization. Images of the p-SWCNTs show that they are long ropes, as expected, 
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due to their 0.5 eV ran"1 Van der Waals forces between neighboring nanotubes (Figure 
4A).2h After oxidation, the US-SWCNTs are much shorter, with an average length <100 
nm (Figure 4B-D).14 SWCNTs become shorter as the oxidation temperature is increased 
as shown in the images below of US-SWCNTs oxidized at 30, 40 and 65 °C. There are a 
few examples of US-SWCNTs that are >100 nm present in the images. If the US-
SWCNTs were uncut, they would still remain hundreds of nm long. The images clearly 
illustrate that the US-SWCNTs have been oxidized to the point of causing them to be 
drastically shortened. Length analysis of the SWNTs was performed with the AFM 
images using SIMAGIS Nanotechnology software version 3.0. Green features are 
individual SWNTs (<1.5 nm in height), blue are small bundles (>1.5 nm in height), and 
red are non-SWNT features. The average tube length was found to be (B) 98 ran, (C) 34 
nm and (D) 33 nm, cut at 30,40 and 65 °C, respectively. 
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Figure 4. AFM analysis (spin coated onto freshly cleaved mica in DMF) by amplitude of 
(A) p-SWCNTs and (B-D) US-SWCNTs oxidized at 30, 40 and 65 °C, respectively. 
Green features are individual SWNTs, blue are small bundles, and red are non-SWNT 
features. The average tube length was found to be (B) 98 nm, (C) 34 nm and (D) 33 nm. 
The picture egde lengths are (A) 10 um and (B-D) 5 um.14 
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III. Conclusions 
SWCNTs were aggressively oxidized and purified by treatment with base at 
elevated temperature. The resulting material was shown to have a reduced content of 
CCFs, with the data indicating that the GCFs represented less than 1 wt% of the starting 
material. The data also indicates that this method of oxidation does in fact oxidize and 
shorten the sidewalls of the SWCNTs and not merely coat them with CCFs. However, 
using the Salzmann protocol we do have a revision of US-SWCNT structure wherein the 
majority of the sidewall addends are hydroxyl moieties and not carboxyl groups. The 
XPS data of the hydroxylated US-SWCNTs after base treatment shows 40% oxygen 
content remained on the nanotubes, which explains their solubility in aqueous solution. 
The AFM images illustrate the significant shortening of the US-SWCNTs when using the 
nitric acid and oleum oxidation process. SWCNT chemistry can be specific to the source 
of SWCNTs used and the resulting products can change dramatically with slight 
differences in protocols. Researchers in the field are cautioned that deviations in the 
stated procedure will likely change the resulting SWCNT material. Further investigation 
toward using purified US-SWCNTs in biological systems is being pursued. 
Addendum 
The precise structure identity of the US-SWCNT was not discovered until late in 
the thesis-writing stage. Therefore, other chapters of this thesis use the formerly accepted 
US-SWCNT structure wherein it is predominantly carboxylated. 
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IV. Experimental 
All SWCNT starting materials were obtained from the Rice University Carbon 
Nanotechnology Laboratory HiPco Mach III apparatus, Batch #166.12. XPS was 
performed on a PHI Quantera SXM Scanning X-ray Microprobe with a pass energy of 
26.00 eV, 45° takeoff angle and a 100 um beam size. Raman spectroscopy was 
performed on a Renishaw Raman scope using a 633 nm He-Ne laser. AFM images were 
obtained on a Digital Instrument Nanoscope IIIA using the tapping mode. Samples were 
spin coated onto freshly cleaved mica. A Nicolet FTIR Infrared Microscope with an 
attenuated total reflectance (ATR) attachment was used for FTIR data. The samples were 
heated in the TGA (Q50, TA Instruments) from RT to 200 °C at 20 °C min"1 for 50 min 
to remove solvent. The samples were then heated from room temperature to 900 °C at 10 
°C min"1 under an inert atmosphere. 
Catalyst Removal.7 As received HiPco SWCNTs8 (1 g) were heated to 225 °C in 
a humid environment under an argon and oxygen atmosphere for 18 h. The SWCNTs 
were then transferred to a Soxhlet apparatus and heated to reflux with 6 M HC1 until the 
rinse was clear and colorless and no soluble iron was visible. The SWCNTs were then 
transferred to a vacuum filter funnel fitted with a polycarbonate membrane (0.45 nm) and 
were rinsed with aqueous sodium bicarbonate and water to neutralize the acid without 
applying vacuum. The p-SWCNTs were collected by vacuum filtration and dried for 
instrumental analysis and further use. 
Oxidation of the p-SWCNTs.4a The p-SWCNTs (100 mg) were stirred 
vigorously with a stir bar in oleum (100 mL) in a dry Erlenmeyer flask under a nitrogen 
atmosphere for 72 h to yield d-SWCNTs. This process uses a highly reactive mixture of 
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acids; strong exothermic reactions are possible. Extreme caution should be used during 
the procedure. All oxidation reactions should be done in a fume hood and appropriate 
safety equipment should be worn, including a lab coat, thick rubber gloves, safety 
glasses, and a full face and neck shield. Concentrated nitric acid (50-70%, 50 mL) was 
measured into a graduated cylinder followed by careful addition of oleum (35 mL). The 
acid mixture was slowly added to the SWCNT flask to avoid increasing the temperature 
of the mixture above 65 °C, which could over-oxidize the d-SWCNTs. The temperature 
(30, 40 or 65 °C) was maintained and the mixture was stirred for 2 h followed by 
quenching over ice. The material was filtered over a polycarbonate membrane (0.45 urn) 
and the solid was rinsed with water. The SWCNTs were then resuspended in a minimal 
amount of methanol and then precipitated in ethyl ether (250 mL) followed by vacuum 
filtration over the same membrane. The resuspensipn and precipitation was repeated 
until the ether filtrate was neutral. The resulting US-SWCNTs were dried and analyzed. 
Base Treatment of the US-SWCNTs.6 The US-SWCNTs were added to a 
polypropylene Erlenmeyer flask (200 mL) with a Teflon stir bar along with aqueous 
NaOH solution (8 M, 50 mL). The mixture was heated to 100 °C and stirred under a 
nitrogen atmosphere for 48 h. The mixture was then filtered over a Teflon membrane 
(0.45 um). The red filtrate was neutralized with HC1 (12 M) and allowed to settle for 48 h 
and the brown solid was collected by filtration. The black US-SWCNT solid filter cake 
was rinsed with deionized water (50 mL). The black filtrate and solid were analyzed 
without further treatment. 
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Chapter 6 
Sequestration Ability of PEGylated Ultra Short Single-Walled Carbon 
Nanotubes and Their Role in a Biological Multistage Delivery System 
for Therapeutic Applications 
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I. Introduction 
Enhancements in drug delivery and therapy are always of great concern in the 
medical field. Often times the drugs cannot be administered to the patient without 
additives or masking agents. The physical properties of many drugs cause them to be in 
soluble in the blood or to be harmful to some organs of the body, among other issues. 
There are methods known to camouflage or protect the drug once it has been introduced 
to the body in order to improve upon its efficiency and effectiveness. These methods 
produce what we know as prodrugs. A significant advance in prodrug technology would 
benefit thousands of patients. 
Nanotechnology has now been used as a means of improving upon drug delivery 
techniques. Ferrari introduced the idea of a nanovector that could be used for 
therapeutics and imaging of patients (Figure l).1 The ideal nanovector would be capable 
of multiple functions inside of the body. The nanovector design would deliver more than 
one type of drug if necessary. If it was used for imaging it could also be associated with 
a contrast enhancer. The nanovectors could be engineered to deliver the drugs inside of a 
cell to increase efficiency and, in turn, lower the necessary dose given to a patient. To 
further improve the efficiency, a targeting moiety could take the drug to only the intended 
destinations in the body. In order for this to be possible, the nanovector must be stable in 
the blood and not be attacked by the body's defenses, particularly the reticulo-endothelial 
system (RES). To avoid attack, polyethylene glycol (PEG) would be added to the 
nanovector and mask the nanovector itself from cell barriers and increase its stability in 
the blood. 
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Figure 1. Ferrari's design of a nanoparticle that is capable of multiple functions in the 
body, also referred to as a nanovector. A nvimber of molecules are added to the core 
constituent material. Adapted from reference 1. 
The key component of the nanovector is the core material or scaffold. The core is 
nanoscale and should be nontoxic to the body. The surface chemistry of the core would 
be exploited in order to attach or associate the molecules that are necessary for 
multifunctionality. Single-walled carbon nanotubes (SWCNTs) are an excellent choice 
for the nanovector core. They have a high aspect ratio, which allows for more surface 
area for components to be added. The chemistry of SWCNTs is actively being developed 
with numerous protocols already established.2'3 Proven chemistry can provide a pathway 
to use drugs,4 targeting agents5 and PEG,6 among others, to the SWCNT nanovector. 
Modified SWCNTs have been shown to penetrate cell membranes and have no harmful 
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effects on them.7 In recent studies, it has been discovered that the SWCNTs themselves 
are excellent radical scavengers and could reduce damage to the cells by removing the 
harmful radicals from the environment.8 
The stability of the nanovector core in biological environments is essential. 
SWCNTs are inherently hydrophobic and not soluble in biologically relevant solvents. In 
order for the SWCNTs to be useful as a nanovector, they must be chemically modified9 
or wrapped in a water-soluble surfactant or polymer.10'11 The SWCNTs retain their long 
aspect ratio when wrapped, but prior work has been shown that the SWCNTs were 
removed from the blood stream and taken up by the liver very rapidly (<1 h).10a This 
reduces the chances of a drug actually arriving at the intended destination in the body. 
However, by increasing the length of PEG, the SWCNT's circulation time has been 
increased.12 SWCNTs can be shortened by an oxidation that adds water-solubilizing 
groups. PEG can then be attached to further increase the chances of the SWCNTs 
delivering the drug to the intended target.6 These modified SWCNTs were used as the 
nanovector in our studies. 
The modified SWCNT nanovector was tested to determine if it was cytotoxic and 
how cells might respond to their presence. MTT assays showed no toxicity if the proper 
purification of the SWCNTs was performed.13 In order for the SWCNTs to be tracked 
inside the cells, it would be useful for a fluorescent tag to be added so that confocal 
microscopy could be used to view the cells in vitro. In the present work, a method had 
been developed to covalently add fluorescein,13 a common fluorescent tag used in 
biology. The resulting fluorescent material was dialyzed in DI water to remove water-
soluble molecules. The fluorescently tagged modified SWCNTs were successfully 
102 
tracked in vitro and used in a multistage delivery system.14 Further investigation of the 
fluorescent properties of the material revealed the fluorescein was not actually covalently 
bound, but instead sequestered in the PEG and modified SWCNT structure. 
The SWCNT material was characterized with thermogravametric analysis (TGA) 
and atomic force microscopy (AFM) and fluorimetry. The fluorescently tagged material 
was visualized using confocal microscopy and flow cytometry. 
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II. Results and Discussion 
The inherent properties of SWCNTs require them to be modified in order for 
them to be stable in biological environments. The necessary modifications to the 
SWCNTs require the material to be purified,15 oxidized9 and PEGylated6 (Schemes 1 and 
2). The SWCNTs were first purified (p-SWCNTs) to remove the metal catalyst and non-
SWCNT material, such as amorphous carbon and fullerenes. p-SWCNTs are found in 
ropes due to the strong van der Waals forces (0.5 eV/nm) between adjacent tubes. The p-
SWCNTs were then stirred in oleum to untangle the ropes and to individualize the 
nanotubes. This step ensures even oxidation to individual p-SWCNTs and not to just the 
SWCNTs on the outside of the bundles. The disentangled p-SWCNTs mixture was then 
treated with nitric acid to oxidize the tubes and the reaction mixture was neutralized after 
completion of the oxidation.9 The oxidation can be completed at various temperatures 
depending on level of oxidation desired.6 The oxidation process introduces numerous 
defects in the p-SWCNTs that lead to shortening. These shortened SWCNTs are referred 
to as ultra short SWCNTs, or US-SWCNTs. Their water solubility is dramatically 
increased (up to 1 g/L) as compared to the p-SWCNTs and the US-SWCNTs are stable 
indefinitely in neutral or basic aqueous solutions and this is currently disclosed in 
Chapter 5 of this thesis.9 
Unfortunately, the US-SWCNTs are not stable in biological solutions which cause 
them to flocculate. The US-SWCNTs can be functionalized by a solubilizing group, such 
as PEG, in order for them to be stable. The PEG now serves the dual purpose of not only 
preventing RES attacks but also allowing the SWCNTs to be stable in buffers or blood. 
To PEGylate the US-SWCNTs, they are first dispersed in anhydrous N,N-
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Scheme 1. The purification and oxidation process of SWCNTs used as the core of a 
nanovector. The resulting material, US-SWCNTs, were shortened and solubilizing 
groups were added as a result of the oxidation process. 
dimethylformamide (DMF) followed by the addition of N.AP-dicyclohexylcarbodiimide 
(DCC), 4-(dimethylamino)pyridine (DMAP) and the mono amine and hydroxyl 
terminated PEG, then stirred overnight.6 The DCC coupling reaction is more efficient 
when in basic conditions and water is not present, hence the use of DMAP and an 
anhydrous solvent. The water-soluble counterpart to DCC, WSC»HC1, was attempted 
instead of DCC, but the coupling was not successful because the US-SWCNTs flocculate 
before the reaction could take place. The material was purified by dialysis in DMF 
followed by dialysis in deionized (DI) water to remove the organic byproducts and 
unreacted PEG, to yield PEG-US-SWCNTs (Scheme 2). The dialysis apparatus used for 
the PEG-US-SWCNT purification utilized a constant flow of DI water.13 This flow 
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allowed for shorter purification times because the constant change in concentration of the 
impurities outside the dialysis bags continued to drive the equilibrium forward, constantly 
lowering the concentration of impurities inside the dialysis bag. 
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Scheme 2. The US-SWCNT/DCC coupling reaction with amine terminated PEG. The 
addition of PEG allows for solubility in biological buffers and avoids attack by the RES 
in the body. The material was purified by dialysis in DMF and DI water. 
The PEG-US-SWCNTs were characterized using TGA, fluorimetry and AFM. 
The PEG-US-SWCNTs TGA results showed that roughly one in 500 carbons of the US-
SWCNTs had a PEG bound group. The material was first heated in a Na/Ar atmosphere 
to 200 °C at 10 °C/min for 60 min to remove remaining solvent. The material was then 
heated to 850 °C at 10 °C/min in the same environment to remove the PEG and any 
oxidized moieties on the US-SWCNTs. The number of PEG groups was calculated by 
subtracting the weight loss at 850 °C of the PEG-US-SWCNTs by the weight loss of the 
starting material, US-SWCNTs, at the same temperature. The difference was divided by 
the molecular weight of the PEG to calculate the number of moles. The moles of 
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SWCNTs were calculated and compared to the moles of PEG. The ratio results in the 
number of SWCNT carbons to PEG molecules. 
AFM in commonly used in height analysis of SWCNTs.5'11 It was used in an 
attempt to characterize the PEG-US-SWCNTs in this study. The AFM images of the 
black PEG-US-SWCNTs solutions, spin coated in mica, revealed that the US-SWCNTs 
were completely covered with PEG. The images in Figure 4 illustrate the absolute 
coverage of the PEG-US-SWCNTs with PEG molecules. Both of the images, A and B, 
are of PEG-US-SWCNTs covered in different molecular weights of PEG. 
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Figure 4. (A and B) AFM images of PEG-US-SWCNTs on freshly cleaved mica and (C) 
PBS stability test of US-SWCNTs and PEG-US-SWCNTs. The AFM samples were 
prepared from aqueous solutions and were spin coated dropwise on to the mica surface 
followed by vacuum desiccation to remove water from the samples. The molecular 
weight of PEG used in (A) was 12,100 and (B) was 5273. (C) The PBS stability test 
illustrates the how (left) US-SWCNTs flocculate in this buffer while (right) PEG-US-
SWCNTs are stable. The picture was taken 3 d after dispersed in a sonic bath. 
The PEG-US-SWCNTs were buffer stable and suitable as a nanovector. A means 
of tracking the nanovector during in vitro studies was needed. A previously developed 
method8 to covalently attach fluorescein to PEG-US-SWCNTs was utilized for this 
purpose and used to analyze the fluorescent properties of the material. Briefly, a PEG was 
synthesized with a protected amine and hydroxyl terminal groups (1). The PEG was 
coupled to the US-SWCNTs to form an ester, followed by water dialysis. The protected 
amine is necessary in order to force the hydroxyl to react with the carboxylic acids 
groups on the US-SWCNTs, otherwise the amine's higher nucleoplicity would lead to the 
incorrect product. The amine terminus was then deprotected with hydrazine to yield a 
primary amine and the resulting product again dialyzed. Fluorescein isothiocyanate 
(FITC, emits at 525 nm) was added to form a thiourea group and yield fluorescent PEG-
US-SWCNTs (2) (F-PEG-US-SWCNTs). The material was dialyzed in water for up to a 
month to remove unreacted FITC. The functionalization was also carried out with 
Lissamine (rhodamine B sulfonylchloride) which fluoresces at a different wavelength 
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(emits at 580 tun, Scheme 3). The ability to have two different fluorescent tags would 
allow for monitoring of different nano vector species in the same cell or system. 
Scheme 3. Covalent attachment of Lissamine to PEG-US-SWCNTs and an image of the 
resulting fluorescent material after extended dialysis of one month. The protection of the 
amine terminus of the orthogonally functionalized PEG (1) leaves the end hydroxy 1 
groups to esterify with the carboxylic acids of the US-SWCNTs.8 The deprotection of the 
amine then allows sulfonamide formation with Lissamine. The F-PEG-US-SWCNT 
material (2) vividly fluoresces under UV light. 
The FITC and Lissamine-functionalized material was further analyzed. The 
addition of FITC was performed in DMF and water, due to the dramatic increase in 
solubility of the fluorescent tag in DMF. After water dialysis, the resulting product had a 
very low fluorescent intensity, which led to the conclusion that the fluorescent tag did not 
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react with the amine of the PEG. The result forced further investigation into the FITC 
samples previously prepared using water as the solvent. The FITC sample was dialyzed 
in DMF to solubilize any unreacted fluorescent tag remaining in solution, if any. 
Unexpectedly, the presence of the FITC was observed in the DMF after dialysis. Fresh 
DMF was added to the beaker containing the dialysis bag until fluorescence of the FITC 
was no longer detected in the DMF wash. The fluorescence of the nanotube sample was 
then measured and found to have a much lower intensity (Figure 6). The dialysis 
membranes used were stable in DMF, therefore it is unlikely that tagged PEG-US-
SWCNT product leaked out of the bag. The sample was then dialyzed further in DMF, 
but at 50 °C to increase the solubility of any remaining fluorescent tag. The fluorescent 
tag was completely removed from the PEG-US-SWCNTs since the fluorescence was no 
longer detected. 
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Figure 6. The fluorescence spectra of PEG-US-SWCNTs with FITC after different 
dialysis conditions. The fluorescence was the highest after (blue) water dialysis. After 
dialysis at (green) room temperature in DMF the intensity was greatly reduced and no 
fluorescence was detected after dialysis (red) in DMF at 50 °C. This led to the 
conclusion that FITC was not covalently bound as it was first thought to be. 
To verify the results, a control experiment was run to support the conclusion that 
the fluorescent tag was not reacting with the amine on the PEG. The fluorescent tag 
reaction procedures in water were repeated except the hydrazine deprotection was 
skipped to ensure that the amine was still protected and unable to react with the 
fluorescent tag. The resulting material was fluorescent after water dialysis as previously 
observed with the deprotected amine. The suspension was then dialyzed in DMF with 
the same result. The lack of fluorescence in both samples leads to the conclusion that the 
PEG-US-SWCNTs were sequestering the fluorescent tag and not actually forming a 
thiourea group with FITC or a sulfonamide with the Lissamine. 
There were two possible modes of sequestration involved in the PEG-US-
SWCNT system. In one, the PEG molecules, connected via the US-SWCNT, were acting 
like a sponge and holding the fluorescent tag within the individual polymer addends. 
This is plausible because of the complete coverage of the US-SWCNTs by the PEG, as 
shown in the AFM images. In the second mode, SWCNTs have been shown to form 
close associations with aromatic molecules through n-% interactions with the benzene 
rings of the nanotubes.16 It is possible that the aromatic portions of the fluorescent tags 
were associating with the aromatic areas of the US-SWCNTs. However, fluorescent tags 
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associated with the SWCNTs in this manner would probably not fluoresce due to the 
proximity to the US-SWCNTs and their ability to quench fluorescence.17'18 This 
discovery opens the door to a library of biologically important molecules that could 
potentially be sequestered by the PEG-US-SWCNT nanovector. 
Although the fluorescent tag was not covalently bound, the F-PEG-US-SWCNTs 
fluoresced after extended dialysis in water (one month). The nanovector was then 
tracked in vitro in liver and macrophage cells using confocal microscopy and the 
behavior of the nanotubes was observed. Cells readily internalized the nanotubes and no 
flocculation was observed in the media or on the cells with no observed toxicity (Figure 
7). The confocal microscopy was completed by Valerie Moore at UT Health Science 
Center. 
Figure 7. Confocal microscopy images of F-PEG-US-SWCNTs in (A) liver cells and (B) 
macrophage cells. The green FITC is easily seen in the cells analyzed and no cell 
toxicity was observed. 
The F-PEG-US-SWCNTs were also used as the second stage nanovector in a 
biological application involving a multistage delivery system (MDS).14 The project was 
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spearheaded by Mauro Ferrari and his group, and all the microparticle and fluorescence 
work was completed at the University of Texas Health Science Center in Houston. The 
MDS was based on biodegradable, biocompatible nanoporous silicon particles used as the 
first stage of the MDS. These micron sized particles had exacting shape and size control 
obtained by photolithographic methods. The MDS was able to load, carry, release over 
time, and deliver multiple types of second stage nanoparticles into primary human 
endothelial cells. The second stage nanoparticles used in the study were the F-PEG-US-
SWCNTs and quantum dots (Q-dots). They were loaded into the silicon microparticle's 
nanopores seen in the scanning electron micrographs (SEM) in Figure 8. The 
microparticles were engineered to have large or small pore sizes between 20- 30 and 5-10 
nm, respectively. 
Backside Front side doss-section Pores (back side) Fores (cross-section) 
Figure 8. SEM images of a mesoporous silicon microparticles. Images of (A) large and 
(B) small pore microparticles. From left to right: back, front and cross-section of the 
particle; close-up view of the pores on the back side and cross-section. The overall sizes 
and shapes of the large and small pore microparticles are the same, but the size and 
structure of the pores are significantly different.14 
113 
The fluorescent properties of the nanovectors were investigated with flow 
cytometry, fluorimetry, and confocal microscopy to assess how they were loaded and 
released from the microparticles. The microparticles were loaded with the nanovectors 
by simply mixing them together. Complete loading was observed after 15 min. in the 
large pore microparticles with four times as many F-PEG-US-SWCNTs were loaded into 
the large pore microparticles than the small pore. As the concentration of the 
nanovectors was increased in solution the fluorescence intensity was also observed to 
increase in the microparticles confirming nanovector loading into the nanopores. This 
trend is demonstrated in Figure 9. The release of the F-PEG-USrSWCNTs was done by 
changing the buffer solution. Half of the F-PEG-US-SWCNTs were released after 1.5 h. 
'.0.1 15 . . '10 . • M 
Figure 9. Fluorescence microscopy confirmed that when more F-PEG-US-SWCNTs 
were used in the loading solution, the fluorescence of the microparticle increased 
accordingly. White scale bars in are 1 urn.14 
The versatility of the silicon microparticles was testing by loading the green F-
PEG-US-SWCNTs and red fluorescent Q-dots into the same microparticles. The larger 
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Q-dots preferred the larger pores in the center on the microparticle, while the F-PEG-US-
SWCNTs were observed to load throughout and primarily around the borders (Figure 
10). 
Figure 10. Fluorescence intensity profiles of the (green) F-PEG-US-SWNTs and (red) 
Q-dots loaded into a microparticle are shown. The green and red arrows incorporated 
into the SEM image confirm the spatial distribution of fluorescence in the microparticle. 
The F-PEG-US-SWCNTs loaded across the entire microparticle and the Q-dots only 
loaded into the center.14 
The loaded MDS was tested with cultured human umbilical vein endothelial cells 
(HUVEC). The MDS was incubated with the HUVEC cells for 30 min and then 
observed. The F-PEG-US-SWNTs were released from the microparticles and 
internalized by the cells where they entered the cytosol and accumulated inside distinct 
vesicles. The microparticles were too large to enter the cells and were spotted on the 
cell's surface. The internalization was observed by fluorescence microscopy (Figure 11). 
Cells were grown in the presence of the microparticles and no abnormal morphological 
changes were seen nor were any changes in the proliferation rates noted. 
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Figure 11. Intracellular internalization of F-PEG-US-SWNTs delivered by silicon 
macroparticles in a HUVEC cell. Fluorescence microscope images of cells incubated for 
30 min with the MDS loaded with F-PEG-US-SWNTs. The green color was from the F-
PEG-US-SWNTs and the blue is the dyed cell nucleus. The F-PEG-US-SWNTs were 
seen in vesicles inside the cell's cytosol. The scale bars are 20 um.14 
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III. Conclusions 
The use of SWCNTs as a viable nanovector has been achieved by modifying them 
through purification, aggressive oxidation and PEGylation. The resulting material was 
characterized and found that 1 in 500 carbons were PEGylated by TGA with AFM 
images confirming the US-SWCNTs were completely covered in PEG. Previous studies 
had shown that a fluorescent tag was covalently bound to the PEG-US-SWCNTs. Upon 
further analysis, it was discovered that the PEG-US-SWCNTs were sequestering the FT, 
even after extended dialysis in constant flow DI water. This finding was confirmed using 
heated DMF dialysis and fluorimetry. The results indicated that PEG-US-SWNTs had 
very strong sequestration abilities and further investigation into other types of molecules 
could potentially yield a SWCNT based nanovector with the capability of delivering 
numerous biologically relevant molecules to cells on the same vector. 
The water dialyzed F-PEG-US-SWCNTs were suitable for in vitro studies. 
Different types of cells readily internalized the nanovector with no toxicity. The F-PEG-
US-SWCNTs were used in a MDS involving microparticles with nanopores. The F-
PEG-US-SWNTs were loaded and released by the microparticles and then internalized by 
HUVEC cells. The internalization was confirmed with fluorescence microscopy. The 
MDS has proven that a multistage system is a realistic method of enhanced drug delivery 
and the F-PEG-US-SWNTs are an excellent example for Ferrari's nanovector. 
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IV. Experimental 
All SWCNT starting materials were obtained from the Rice University Carbon 
Nanotechnology Laboratory HiPco Mach III apparatus, Batch #166.12). XPS was 
performed on a PHI Quantera SXM Scanning X-ray Microprobe with a pass energy of 
26.00 eV, 45° takeoff angle and a 100 urn beam size. AFM images were obtained on a 
Digital Instrument Nanoscope IIIA using the tapping mode. Samples were spin coated 
onto freshly cleaved mica. The samples were heated in the TGA (Q50, TA Instruments) 
from RT to 200 °C at 20 °C/min for 60 min to remove solvent. The samples were then 
heated from room temperature to 850 °C at 10 °C/min under an A1/N2 atmosphere. 
Fluorescence spectra were obtained on a Perkin Elmer Luminescence SpectrometerLS 
50B. The Polymer Laboratories PL-GPC 220 was used for polymer analysis. Catalyst 
removal and oxidation of the US-SWCNTs can be found in Chapter 5. 
PEGylation General Procedure. US-SWNTs (0.050 g, 4.0 meq C) were added to 
a 100 mL round bottom flask equipped with a stir bar. To this was added dry DMF (50 
mL) and the mixture was stirred for 15 min. After dispersion, DCC (0.87 g, 4.2 mmol) 
and DMAP (10 mg) were added and the mixture allowed to stir 5 min before amine 
terminated PEG (5000 MW, 1.00 g) was added. The mixture was allowed to stir 
overnight which point it was transferred to a dialysis bag (CelluSep HI, 50,000 MWCO, 
Part #: 1-5050-34, Membrane Filtration Products) and dialyzed in DMF to remove 
organic byproducts and then flowing water for 5 d to remove any unbound PEG. 
Phthalimide terminated PEG (1). Hydroxyethyl phthalimide (0.13 g, 0.67 mmol) 
and potassium hydride (30% dispersion in mineral oil) (0.13 g, 1.0 mmol) were added to 
a 100 mL round bottom flask equipped with a stir bar, sealed with a septum, and placed 
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under an N2 atmosphere. To this was added distilled THF (20 mL) and the mixture was 
allowed to stir for 30 min. Ethylene oxide (8.8 g, 200 mmol) was then condensed into a 
graduated cylinder over calcium hydride at -78 °C. It was then added to the reaction flask 
via cannula and the reaction was allowed to stir overnight. The resultant viscous solution 
was then poured carefully into a 5% solution of isopropanol in hexanes (500 mL) with 
stirring to precipitate the polymer and quench any residual potassium hydride. The 
polymer was then isolated by filtration over a fritted funnel. The resultant solid was then 
dissolved in chloroform (50 mL) and slowly added to hexanes (600 mL) to precipitate the 
polymer. The solid was isolated by filtration over a fritted funnel and dried. GPC (1 
mL/min THF) Mw 16,024, M„ 11,005 and PD 1.46. 
F-PEG-US -SWNT (2). US-SWCNTs (0.050 g, 4.0 meq C) were added to a 100 
mL round bottom flask equipped with a stir bar. To this was added dry DMF (50 mL) 
and the mixture was sonicated for 15 min to achieve dispersion. After dispersion, DIPC 
(0.78 g, 6.2 mmol) was added and the mixture allowed to stir 5 min before 1 (2.04 g) was 
added. The mixture was allowed to stir 24 h at which point it was transferred to a 
dialysis bag (CelluSep HI, 50,000 MWCO, Part #: 1-5050-34, Membrane Filtration 
Products) and dialyzed in flowing water for 5 d to remove any unbound PEG. After 
dialysis, the material was filtered through glass wool. The material was then transferred 
to a 250 mL round bottom flask equipped with a stir bar and condenser. To this was 
added hydrazine monohydrate (10 mL) and the reaction was heated to reflux overnight. 
It was then transferred to a dialysis bag (CelluSep HI, 50,000 MWCO, Part #: 1-5050-34, 
Membrane Filtration Products) and dialyzed in flowing water for 5 d to remove any 
phthalhydrazide and excess hydrazine. The material was then transferred to a 250 mL 
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round bottom flask, wrapped in foil and equipped with a stir bar. To this was added 
FITC (0.086 g, 0.22 mmol) and the mixture was allowed to stir for 48 h. It was then 
filtered to remove undissolved FITC, transferred to a dialysis bag (CelluSep HI, 50,000 
MWCO, Part #: 1- 5050-34, Membrane Filtration Products) and dialyzed in the dark, 
with flowing water for 1 month to remove any unbound FITC. Fluorescence intensity 
(488 nm excitation and 525 emission) was 80. 
DMF Dialysis. F-PEG-US-SWCNTs were added to a dialysis bag (CelluSep HI, 
50,000 MWCO, Part #: 1- 5050-34, Membrane Filtration Products) and dialyzed in DMF 
with foil covering the entire beaker. When the samples were heated, the beaker was 
heated to 50 °C in an oil bath. The DMF was changed until the no fluorescence was 
detected in it. 
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Chapter 7 
In Vitro Activity of Proteins Transported by the PEGylated Ultra Short 
Single-Walled Carbon Nanotube Vector 
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I. Introduction 
In nanomedicine, single-walled carbon nanotubes (SWCNTs) have been used in 
biological systems for delivery of various biologically relevant molecules, such as, 
DNA,1 proteins,2 antibodies,3 si-RNA4 and drugs.5 They have been shown to enter cells 
through the suggested mechanism of endocytosis6 and tracked inside the cell by utilizing 
4\ 7 ft Q i n 
fluorescent tagging ' ' and Raman analysis. In all cases, the fluorescent tag has been 
covalently attached to the SWCNTs or to the solubilizing agent. 
Many different types of SWCNTs have been studied for biological 
purposes.2'811'12 In biological systems, SWCNT solubility is a significant concern due to 
their hydrophobic properties. In some cases, the SWCNTs remain long (>500 nm) to 
retain their fluorescent12'13 and Raman properties.9'10 Others are shortened by aggressive 
sonication or oxidation for improved solubility.3'6 Surfactant wrapping and oxidation 
ensure water solubility, but the water-soluble SWCNTs rarely form stable suspensions in 
biological buffers or serums.7'14 To overcome this hurdle polyethylene glycol (PEG) has 
been covalently added to the shortened oxidized SWCNTs (US-SWCNTs)15 to yield 
PEGylated SWCNTs (PEG-US-SWCNTs), which form stable suspensions in biologically 
buffers.16 These PEG-US-SWCNTs (Figure 1) are an ideal scaffold for a nanovector, 
because they can hold multiple types of molecules for delivery to cells in vitro and in 
• 17 VIVO. 
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Figure 1. PEG-US-SWCNTs are the scaffold used in our nanovector because of then-
ability to sequester multiple molecules.16 
Recently, SWCNTs have been shown to sequester small water-insoluble 
molecules with strong antioxidant properties.18 Here we describe a method of 
sequestering proteins with PEG-US-SWCNTs and releasing them with their cellular 
activity remaining intact (Scheme 1). The protein and PEG-US-SWCNT association was 
investigated with analytical ultracentrifugation (AU), circular dichorism (CD) and 
fluorimetry. The delivery of active proteins to cells was monitored by western blot 
analysis and methylthiazolyldiphenyl-tetrazolium bromide (MTT) assays. 
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Scheme 1. PEG-US-SWCNTs were mixed with a protein in PBS. The PEG sequesters 
the protein until delivered to the cell. 
The biological activity of proteins was investigated to determine if PEG-US-
SWCNTs could be used to deliver active proteins. In many cases, the protein's structure 
is crucial for recognition in vitro and in vivo. Epidermal growth factor (EGF) is a 
biologically active protein that binds and phosphorylates a receptor in the membrane of 
cells. The three loops in the structure of EGF are critical for recognition by the receptor 
(Figure 2).19 Once the recognition is complete, cell-signaling pathways are initiated 
which lead to cell proliferation. These pathways are a series of protein phosphorylations. 
Western blot and MTT assays were completed to monitor the cellular responses. 
Figure 2. Illustration of EGF. 
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II. Results and Discussion 
AU is a solution-phase tool that yields the relative sizes of materials via a value 
described as the sedimentation coefficient. The sedimentation coefficient, or s-value, is a 
function of the physical properties of both the solute and the solvent, as defined in 
Equation 1, where m is the molecular weight of the solute, r\ is the viscosity of the 
solvent, RH is the hydrodynamic radius of the solute, and p is density. 
m 1 -
rsolvent 
\ r particle ) (1) 
67TT]RH 
While AU has been traditionally used for the characterization of biomolecules, the 
analytical method is being used to characterize solution- or dispersed-phase 
nanomaterials in order to obtain a better determination of hydrodynamic size. It has been 
previously shown that AU can be applied to the characterization of protein- and polymer-
conjugated nanomaterials.21,22 In the instance of bioconjugates, AU was used to 
differentiate conjugated and un-conjugated species in solution. With polymer-
conjugates, it was shown that AU could resolve species based on the length (molecular 
weight) of the surface coating.23 
In this work, we further demonstrate the utility of AU for bioconjugates that have 
been assembled based on electrostatic interactions between PEG-US-SWCNTs and green 
fluorescent protein (GFP). The sequestration of GFP by the SWCNTs was monitored 
with AU (Figure 3). The analysis shows that the sedimentation profile changes with the 
addition of GFP. The profiles are relatively broad due to the polydispersity in the length 
of the PEG-US-SWCNTs in the sample. A population of PEG-US-SWCNTs remains at 0 
S. This likely occurs because some of the PEG-US-SWCNTs are too small to sediment 
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under the experimental conditions. The change in the PEG-US-SWCNTs sedimentation 
illustrates that the GFP has been sequestered due to the resulting change in the molecular 
weight of the bioconjugate. 
0,00 2.00 4.00 6.00 8.00 10.00 12.00 
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Figure 3. AU results of (blue) PEG-US-SWCNTs only and (green) PEG-US-SWCNTs 
with GFP. The sedimentation coefficient (s-value) changes for PEG-US-SWCNTs when 
GFP has been added. This is caused by the sequestration of the GFP by the PEG-US-
SWCNTs, which increases the molecular weight of the species and therefore influences 
how quickly it sediments. GFP alone does not sediment. 
The structure of the sequestered proteins was assessed. Circular dichorism (CD) 
is a spectroscopic method used to assist in the determination of macromolecular 
structures.24 CD analysis based on the differential absorption by chiral molecules of left 
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and right-handed circularly polarized light, and is commonly used to assess biomolecular 
structures. It can determine the secondary structure of proteins with data collection 
between 190-250 nm and resolve the difference between a, p and random coil structures. 
In this study, the secondary structure of yellow fluorescent protein (YFP) was 
investigated and the result confirmed that it was partially unfolding or changing in shape. 
In Figure 4, YFP was analyzed along with the controls of PEG-US-SWCNTs only, buffer 
only and a mixture of YFP and PEG-US-SWCNTs. The amount of unfolding is 
determined by the decrease in the intensity of the absorbance, assuming the solutions 
have the same protein concentration. The PEG-US-SWCNTs and buffer only solutions 
showed no structure, as expected. The YFP only solution had a more intense peak than 
the mixture of PEG-US-SWCNT and YFP. This confirms that the proteins' structure has 
retained its P sheet structure when associated with the nanotubes, but the degree of 
folding has decreased which can dramatically reduce function in biologically active 
proteins. Similar results were reported when enzymes were bound to hydrophobic 
SWCNTs while retaining activity.25 
Another method to determine the association of PEG-US-SWCNTs with proteins 
is with fluorimetry. A fluorescent protein was used to determine how PEG-US-SWCNTs 
associate with proteins because they lose their fluorescence when unfolded. GFP and 
PEG-US-SWCNTs were mixed and the fluorescence of the solutions was measured on a 
fluorimeter. The solutions were excited at 490 nm and the fluorescence measured 
between 200-750 nm. The GFP solution was the only sample that maintained its inherent 
fluorescence. The PEG-US-SWCNTs by themselves and PEG-US- SWCNT/protein 
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Figure 4. The CD results of buffer (yellow), LACIYFP mixed in buffer (green), PEG-
US-SWCNTs in buffer (purple) and PEG-US-SWCNT and LACIYFP mixed in buffer 
(blue). The buffer and PEG-US-SWCNTs do not possess a significant structure when 
using CD. The intensity of the LACIYFP is higher when compared to the protein with 
PEG-US-SWCNTs at the same concentration. Partial unfolding of the protein is due to 
the presence of the PEG-US-SWCNTs. 
solution had no observed fluorescence. SWCNTs are known to quench fluorescence.26,27 
Taken together, the CD and fluorescence data establishes that when proteins are mixed 
with PEG-US-SWCNTs, they are in close proximity to each other and are partially 
unfolded. 
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The MTT assay was used to assess the effect that the EGF had on cell growth. The 
assay measured the amount of yellow MTT reduced by the cell mitochondria to purple 
formazan (Scheme 2). The amount of formazan produced is directly proportional to the 
number of live cells and the concentration is determined by the absorbance at 590 nm. 
The MTT assay is excellent for investigating the cytoxicity and growth of cells because 
the reduction does not occur unless the mitochondria are healthy enough to complete the 
reduction. The analysis is a simple comparison to a control. 
*
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Scheme 2. The reduction of MTT to formazan by mitochondria in cells. 
To begin the MTT assay, the CCD-16Lu cells (normal human lung fibroblast 
cells) were plated (3000 cells/plate) in a 96-well plate. EGF was mixed with PEG-US-
SWCNTs (100:1) and added to the cells followed by a 72 h incubation. A MTT solution 
was added to the cells for 4 h, a period of time that is necessary for cell penetration and 
reduction by the mitochondria. The purple formazan crystals were visible after the 
exposure. The cell media was carefully aspirated off without removing the cells and 
dimethyl sulfoxide was added to each well to dissolve the cells and purple formazan. The 
absorbance value of each well was measured at 590 nm and averaged (n = 12) and the 
result was compared to the control (Figure 5). The PEG-US-SWCNTs showed no 
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cytoxicity when compared to the control. The EGF only solution increased cell 
proliferation by roughly 25% and the PEG-US-SWCNT+EGF showed an increase of 
slightly less than 15%. The result established that the PEG-US-SWCNTs did not 
completely unfold the EGF to the point of not being biologically active. 
Figure 5. MTT assays results of CCD-16Lu cells after a 72 h incubation in media with 
EGF, PEG-US-SWCNT, both or a media only control. The experiment was done both 
without dialysis (green) and with buffer dialysis (blue) of the solutions. 
The experiment was repeated with dialysis to prove the EGF delivered to the cell 
membrane had been sequestered by the PEG-US-SWCNTs. Any EGF not associated 
with the nanotubes should have been removed in the dialysis buffer. The results were 
comparable to the previous experiment without dialysis. PEG-US-SWCNTs were in fact 
sequestering the EGF and delivering it in its active state. The reduction in proliferation 
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of the PEG-US-SWCNTs and EGF cells from the EGF-only control indicates that some 
of the proteins were unfolded or that they stayed sequestered within the PEG-US-
SWCNTs. In either case, the PEG-US-SWCNTs did deliver the EGF to the cell receptor 
its active form and to a significant extent. 
The cell-signaling pathways initiated after the EGF has been recognized by its 
receptor are known and involve phosphorylation of many proteins (Figure 6). The 
western blot assay was used to detect the presence and phosphorylation of the EGF 
receptor (EGFR) and the protein MAPK that is affected by the resulting phosphorylation. 
Western blot analysis can also determine the relative amounts of protein present. MAPK 
was chosen due to its involvement in cell proliferation. 
Figure 6. EGF cell-signaling pathways initiated after binding to EGFR on the cell 
membrane. The arrows indicate the phosphorylation pathways that lead to cell 
proliferation. The image was adapted from reference 28. 
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The cells were exposed to the dialyzed PEG-US-SWCNT + EGF solution for 10 
min. The short exposure time is adequate in view of the fact that the protein only had to 
reach the cell membrane and not be internalized. The cells were then collected and 
frozen to stop cell function. The cell membranes were dissolved with surfactant and the 
proteins extracted. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was used to separate the proteins by molecular weight. The proteins were then 
transferred from the SDS-PAGE gel to a polyvinylidene fluoride (PVDF) membrane with 
a 100 V potential. The PVDF membrane was soaked in non-fat milk protein to block the 
areas of the gel not occupied by the proteins from non-specific binding of antibodies and 
any other proteins. The membrane was submerged in antibody solutions specific to the 
protein desired for detection, and rinsed with copious amounts of buffer to remove any 
non-specific binding between solutions. The second antibody added used horseradish 
peroxidase as a colorimetric detection. The proteins, EGFR and MAPK, as well as their 
phosphorylated forms were detected. The results are illustrated in Figure 7. 
Control EGF SWCNT EGF+SWCNT 
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Figure 7. Western blot results for p-EGF, EGF, p-MAPK, and MAPK proteins in CCD-
16Lu cells. The cells did not show a change in protein content when exposed to the 
SWCNT-only solution when compared to the control. The EGF and EGF+SWCNT 
samples did show an increase in p-EGF, MAPK and p-MAPK due to the initiation of the 
cell proliferation signaling pathway once EGF was bound to the EGFR in its active form. 
The relative amounts of the protein were compared to the control. The amount of 
EGFR was unchanged in all the samples, as expected, since the amount of EGFR in the 
membrane should not change due to EGF recognition. However, the amount of p-EGFR, 
due to phosphorylation, should change when the EGF binds to the EGFR. The cells 
exposed the EGF or PEG-US-SWCNT + EGF solution had dramatically increased levels 
of p-EGFR due to the binding of the biologically active EGF. Because the nanotube 
solutions had been dialyzed to remove the non-sequestered materials, the EGF had to be 
delivered by the nanovector, PEG-US-SWCNT. The MAPK and p-MAPK levels were 
increased with the same solutions due to the cell-signaling pathways being initiated. 
The ability of PEG-US-SWCNTs to transport proteins inside a cell was then 
tested. The protein p53 was investigated due to its tumor suppression function and 
activity inside the cell, unlike EGF.28 The concentration of p53 is increased when a cell 
is under stress. The protein's function is to assess any damage to the DNA in the cell 
nucleus. If the damage is beyond repair, the p53 signals the cell into apoptosis. This 
action protects the cell from abnormal reproduction, which could lead to a cancerous 
tumor. 
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The PEG-US-SWCNT nanovector was used to sequester p53 in the same manner 
as EGF. Initially, the ratio of p53 to the PEG-US-SWCNTs was reduced to 1:10 due to 
the increase in molecular weight of p53 (MW 53,000) when compared to EGF (MW 
6,045). The presence of the p53 was detected by a western blot assay evaluating the 
phosphorylation of proteins associated with established cellular response pathways. The 
treated cells were irradiated (10 Gy) to induce stress and activate p53, which increased its 
concentration. Controls without irradiation were also analyzed. After western blot 
analysis, the experiment was found not to be successful due to the unchanged levels of 
p53 when compared to the controls. The time points between treatment and irradiation 
were increased to allow more time for the nanovector to enter the cells. In another 
experiment, the concentration of the p53 was then increased by 100* to enhance the 
difference between the controls (Figure 8). Various antibodies were tried in each 
experiment to ensure all phosphorylation sites associated with stress on the p53 were 
analyzed. All experiments were unsuccessful. 
Figure 8. SWCNT and p53 concentration study. Lane assignments from left to right: no 
treatment, SWCNTs only (100x),
 p53 only (100 ng), SWCNTs (lx) and p53 (10 ng), 
SWCNTs (lOx) and p53 (10 ng), SWCNTs (10 x) and p53 (100 ng), SWCNTs (100x) 
and p53 (10 ng) and molecular weight standard for p53 (no cells). There was not a 
significant change in the amount of p53 in treated cells and the controls. 
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A smaller molecule, glutathione, was then combined with the PEG-US-SWCNTs 
and incubated with cells. Glutathione (GSH) is an excellent antioxidant used to reduce 
radicals in cells and reduce damage. The concentration of glutathione brought into the 
cells was determined by a fluorescence assay. An increase in the amount of GSH was not 
detected with the dialyzed PEG-US-SWCNTs and glutathione sample (Figure 9). 
Fluorescence of Glutathione 
Samples 
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Figure 9. Results of glutathione study in CCD-16Lu cells. The glutathione only 
and undialyzed SWCNTs with GSH had increased fluorescence, which correlates to 
increased amounts of GSH in cells. The dialyzed sample's fluorescence was comparable 
to the untreated control and SWCNTs only; therefore the PEG-US-SWCNTs were not 
shown to carry GSH into the cells. 
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III. Conclusions 
PEG-US-SWCNTs were shown to sequester proteins by simply mixing them in 
buffer. A change in sedimentation rate was observed for the sequestered product due to a 
change in the molecular weight caused by the association of the proteins. CD analysis 
found that the proteins were partially unfolded in the presence of the PEG-US-SWCNTs, 
but retained their beta sheet structure. Using the fluorimeter, it was discovered that the 
proteins were close enough to the PEG-US-SWCNTs to quench fluorescence. In vitro 
studies with CCD-16Lu cells using the MTT assay illustrated that the PEG-US-SWCNT 
nanovector was not cytotoxic, and that delivery and recognition of EGF at the cell 
membrane was possible. The ability of the EGFR to recognize EGF was confirmed by 
monitoring the cell-signaling pathways with western blot analysis. The combined 
analyses prove that proteins can be sequestered by the novel nanovector, PEG-US-
SWCNTs, and that they retain their biological activity. This process could allow many 
types of delicate proteins to be carried into the body without exposure to the blood or 
attack from the RES system. 
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IV. Experimental 
AH SWCNT starting materials were obtained from the Rice University Carbon 
Nanotechnology Laboratory HiPco Mach III apparatus, Batch #166.12). AFM images 
were obtained on a Digital Instrument Nanoscope IIIA using the tapping mode. Samples 
were spin coated onto freshly cleaved mica. Fluorescence spectra of the YFP samples 
were obtained on a Perkin Elmer Luminescence Spectrometer LS 50B. The glutathione 
assay used a Perkin Elmer Luminescence Spectrometer LS 55 to measure fluorescence. 
The Polymer Laboratories PL-GPC 220 was used for polymer analysis. The absorbance 
measurements in the MTT assays were taken on a Perkin Elmer Victor3 Multivariable 
Counter. The western blot results were obtained on a Typhoon 9400 Variable Mode 
Imager. 
Analytical Ultracentrifugation. AU experiments were conducted on a Beckman 
XL-A ultracentrifuge using an AnTi-60 rotor and aluminum centerpieces under 
sedimentation velocity conditions. All experiments were done at 20 °C and repeated 
three times. All data were analyzed using the enhanced van Holde-Weischet analysis 
option in Ultrascan 7.1.29 Bioconjugates were formed in TRIS-HC1 buffer (30 mM 
TRIS-HC1 and 50 mM KC1, pH 9.0. GFP was purchased from Millipore and used as 
received. The indicated amounts of GFP were added to buffered PEG-US-SWCNT 
solutions and allowed to conjugate for at least 30 min at room temperature before being 
run in the ultracentrifuge. The final concentration of the PEG-US-SWNTs in the 
conjugation mixture was 21.3 nM, assuming the US-SWCNTs were 100 nm long and 
there were ca. 100 carbons per nm of the tube 
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Circular Dichorism. YFP (0.34 mg/mL, 250 uL), TRIS-HC1 buffer (170 uL) 
and PEG-US-SWCNTs (80 uL) were combined. YFP only and buffer only solution 
replaced buffer with the appropriate solutions. The absorbance of the solutions was 
measured between 190-250 nm. 
Methylthiazolyldiphenyl-tetrazolium bromide or MTT Assay. CCD-16Lu 
cells were plated in 96-well plates with 6000 cells/plate. Combined and dialyzed 
(MWCO 50,000 dialysis bag) EGF-PEG-US-SWCNTs (10 uL, dose 10 ng/mL) were 
added to the wells (n = 12). The cells were incubated for 72 h at 37 °C at 5% C02. 
Controls were PBS only, EGF only and PEG-US-SWCNTs only. In sterile conditions, 
MTT (50 mg, Sigma M5655) was dissolved in serum free media (10 mL) covered in foil. 
The solution was put through a syringe filter (0.2 um) before addition to the wells (50 
uL). The 96-well plate was covered in foil and returned to the incubator for 4 h. The 
media was aspirated off without touching the cells on the bottom of the plate. Dimethyl 
sulfoxide (DMSO, 150 uL) was added to each well and the plate was covered in foil. The 
plate was on a shaker (1000 rpm) for 30 min at RT. The absorbance of each well was 
measured at 590 nm. 
Western Blot Analysis Cell treatment. CCD-16Lu cells (ATCC) were plated at 
l x lO 6 cells per plate and allowed to grow in an incubator for 48 h at 37 °C in 5% CO2. 
The CCD-16Lu cell line is from normal human lung fibroblast cells. The cells were 
grown in MEM, Alpha X media (Mediatech, Inc., 15-012 CV, plus 10% FBS, 1% 
NEAA, 1% MEM vitamins, 1% L-glutamine, 1% P5), FBS (GIBCO, #26140), MEM-
vitamin (#25-020-Cl), GIBCO-glutamine (25030), GIBCO - NEAA (non-essential 
amino acids, 11140), and pen strip (GIBCO, 15140). The cells were treated with PEG-
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US-SWCNTs16 with sequestered EGF (10 ng/mL dose, 100 proteins/PEG-US-SWCNT). 
The controls were PBS buffer only, EGF only (same dose) and PEGylated US-SWCNTs 
only (same concentration). 
The PEG-US-SWCNTs (381 mg/L) were diluted 10x with PBS. The EGF (100 
ug, solid, Millipore #01-407) was dissolved in 1 mL nanopure water and was then diluted 
10*. The diluted PEG-US-SWCNTs (6 uL) and diluted EGF (10 uL) were combined and 
allowed to combine for 2 h at RT. This mixture yields 100 proteins for every PEG-US-
SWCNT, assuming the SWCNTs are 100 nm long after oxidation and 120 carbons atoms 
per nanometer. In another experiment, the mixture was stored at 4 °C for 3 d to allow 
more time for the proteins to associate with the PEG-US-SWCNTs. The mixture was then 
dialyzed (MWCO membrane 50,000) in PBS. The dialysis buffer was kept to analyze the 
amount of protein associated with the SWCNTs. The mixture was added to the cells and 
media (10 mL) for 10 min in the incubator. A short exposure time is sufficient to 
phosphorylate the EGF receptor (EGFR) on the membrane of the cell and begin the 
cascade of phosphorylation necessary to increase the cell cycle rate. 
When analyzing p53 (NeoMarkers, RP-9333-PABX, 0.1 mg/mL), the p53 and 
PEG-US-SWCNT stock solutions were not diluted. The PEG-US-SWCNTs (7.25 uL) 
were combined with the p53 (10 uL) and stored at 4 °C overnight. The mixture yields 10 
proteins to every PEG-US-SWCNT. The cells were exposed to the mixture for 1 h then 
irradiated at 10 Gy (NASAtron, 137Cs source). Control cells without irradiation were also 
analyzed. The cells were collected after irradiation at different time points (2 and 4 h) in 
an effort to enhance the difference between the control and the treated cells. 
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Cell Collection. The cells were removed from the incubator and kept on ice at all 
times. The media was poured into diluted bleach and the cell plate was rinsed with PBS 
(10 mL). An additional 10 mL of PBS was added and the cells were removed from the 
plate by scraping and pouring them into a conical vial (15 mL). The vials were 
centrifiiged (1000 RPM, 5 min, 4 °C, Centra GP8R) and the supernate was aspirated off. 
Protein Extraction. Extraction buffer (60 uL) was added to the cell pellet and 
then agitated to break it up. The extraction buffer was prepared fresh prior to use. Stock 
extraction buffer (950 uL), dithiothreitol (DTT) (0.1 M, 10 uL), phenylmethylsulfonyl 
fluoride (PMSF) (0.1 M, 10 uL), protease inhibitor cocktail (10 uL), protease inhibitor I 
(10 uL) and protease inhibitor II (10 uL) were combined in an centrifuge tube. Igepal (6 
uL, 10% solution) was added to the mixture and vortexed for 10 s. The samples were 
vortexed a total of 4x in 30 min. They were then transferred to chilled centrifuge tubes 
and rapidly frozen in liquid N2, thawed in RT water and vortexed (10 s). The process 
was repeated 3* followed by centrifugation (14,000 RPM, 15 min, 4 °C). The supernate 
contained the solubilized proteins and the pellet was comprised of the DNA other salts of 
the cell. The supernate was collected in separate centrifuge tubes and rapidly frozen in 
liquid N2 and stored at -78 °C until further use. 
Protein Concentration Assay. A protein concentration assay was done to 
determine the amount of protein in each sample solution. This step is crucial because 
equal amounts of protein should be added to the gel so an accurate assessment of the 
results can be made. The protein concentration was found by using a Biorad protein 
assay kit. The dye used in the assay was Coomassie Brilliant Blue G-250® that absorbs 
at 465 nm. The dye binds to primarily basic and aromatic amino acid residues, especially 
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arginine. Reagent A (1 mL) was combined with reagent S (20 uL) to become solution 
A'. The thawed protein solutions (5 uL) were added to one well each of a 96-well plate 
followed by solution A' (25 uL) and reagent B (200 uL). The plate was covered in foil 
and developed for 15 min in foil. The absorbance at 590 nm was measured for each well 
and was compared against a BSA standard to determine concentration. 
Protein Separation via Gel Chromatography. Gel chromatography was used to 
separate the collected proteins. Acrylamide gel was cast (10%) in a Biorad glass setup. 
The acrylamide mix (30% in water, 5.0 mL) was combined with TRIS (3.8 mL, 1.5 M, 
pH 8.8), sodium dodecyl sulfate (10% in water, 0.15 mL), ammomium persulfate (10% in 
water, 0.15 mL) and tetramethylethylenediamine (TEMED) (6 uL) and mixed. The 
mixture was immediately poured into the glass setup followed by 1 mL butanol and 
allowed to crosslink for 45 min. The butanol was rinsed away with nanopure water and 
the excess water blotted away with a paper towel. A stacking gel was then prepared and 
poured over the crosslinked gel. Combs were added to the stacking gel before 
crosslinking (45 min) was complete. The combs were removed and gel was rinsed with 
nanopure water and then added to the gel apparatus with 1 x SDS running buffer. The 
protein samples (volume determined from protein assay) were prepared for gel 
chromatography by adding equal volumes of the protein solution and 2x SDS to an 
centrifuge tube. The 2* SDS was prepared by combining TRIS-C1 (2.5 mL, 0.5 M, pH 
6.8), p-mercaptoethanol (0.5 mL), SDS (4.0 mL, 10% in water), glycerol (2.0 mL) and 
bromophenol blue (1.0 mL, 1%). The mixture was heated at 100 °C for 5 min to 
denature the proteins and then cooled at 4 °C for 5 min and quickly centrifuged. The 
entire sample solution was added to the gel in a separate well, or lane, for each solution 
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(4). The wells were the proteins of cells exposed to buffer only, EGF only, PEG-US-
SWCNTs only and the EGF mixed with the nanotubes. A molecular weight standard (5 
uL) was added to the first lane. The remaining lanes were filled with IX SDS (2X SDS 
diluted in half with water). Electrodes were applied to the gel apparatus and the gel was 
run at constant 40 mA for 45 min and then changed to 60 mA until the colored SDS 
solution ran to the bottom of the gel. 
Protein Electrotransfer. The proteins in the gel were then transferred to a 
polyvinylidene fluoride (PVDF) membrane. The membrane was cleared of proteins by 
submerging in methanol for 1 min on a shaker. The membrane was then moved to 
transfer buffer and returned to the shaker for 10 min. The transfer buffer was prepared by 
dissolving Tris (11.6 g, BioRad), glycine (5.8 g) and SDS (0.74 g) in nanopure water (1.6 
L) and methanol (400 mL). Meanwhile, the gel was carefully removed from the glass 
plates and the stacking gel was discarded. Transfer buffer (1 L) was poured in a 
casserole dish (13 * 9). The plastic sandwich closure was submerged with the clear side 
of the sandwich down and open. A sponge was then placed on top of the clear side while 
submerged and carefully lined up with the sides. Air bubbles were removed with a roller 
in order to insure proper transfer of the proteins. A piece of filter paper was then added 
on top of the sponge and air bubbles were removed with the roller. The membrane was 
then added and aligned followed by the gel. Another piece of filter paper and sponge 
were added, aligned and bubbles removed. The sandwich was closed and alignment of 
the contents was maintained. The sandwich was placed in the electrotransfer apparatus 
along with a container of ice and a stirbar. The apparatus was filled with transfer buffer 
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and the electrode was added to the top. The transfer of proteins in the gel to the PVDF 
membrane was done at 4 °C at 100 V for 2 h. 
Membrane Blocking and Antibody Treatment. The membrane was removed 
from the sandwich with tweezers and submerged in 5% non-fat milk in 1 x TBS-Tween 
buffer (TBS-T) being careful to only touch the corners of the membrane. The buffer was 
prepared by dissolving NaCl (8 g), TRIS base (2.43 g), Tween 20 (1 mL) in water (750 
mL). The pH was then adjusted to 7.6 with HC1 (concentrated) and diluted with water 
(final total volume 1 L). The membrane was on the shaker for 45 min then removed. 
The primary antibody solution (10 uL in 10 mL 5% nonfat milk protein) was 
immediately added and put on the shaker overnight at 4 °C. The p-MAPK (#9101), 
MAPK (#9107), p-EGF (#2231), p53 (#9282), p-p53 (Ser 20, #9287S), p-p53 (Ser 792, 
#9281S), p-p53 (Ser 15, #9284S), p53 (1C12, mouse, #2524) antibodies were purchased 
from Cell Signaling. The EGFR (SC-03) antibodies were purchased from Santa Cruz 
Biotechnologies, Inc. All antibodies were processed from rabbit. The primary antibody 
solution was removed and the membrane was rinsed with IX TBS-T buffer (10 mL 
portions 3x, then on shaker for 10 min, repeated 3x). The secondary antibody solution 
(anti-rabbit IgG, horseradish peroxidase from donkey, Cell Signaling) was added (7.5 uL 
in 10 mL 5% nonfat milk protein) and on the shaker for 50 min at RT. The rinsing 
procedure was repeated with IX TBS-T buffer. 
Detection. The GE Healthcare, ECL Plus W. B. Detection System (RPN2132) 
was used for final detection of the proteins. The development solution was prepared by 
mixing solution A (6 mL) and solution B (150 uL) in a vial covered in foil. Fresh plastic 
wrap was taped to a hard, flat countertop. The membrane was removed from the final 
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rinse in IX TBS-T buffer and the comer was blotted on a paper towel briefly. The 
membrane was placed on the plastic, protein side facing up. The development solution 
was slowly poured over the entire membrane and allowed to set for 5 min at RT. 
Meanwhile, DI water was added to a plastic dish. The membrane was blotted on the 
plastic and then placed in the DI water. The membrane was scanned on a Typhoon 
scanner at 590 nm. 
Glutathione Fluorescence Assay.30 Glutathione (77 mg, 50 mM) and PEG-US-
SWCNTs (5 mL, 381 mg/L) were mixed and stirred for 3 h at room temperature. Half of 
the mixture was dialyzed (MWCO 50,000) in water for 3 d. CCD-16Lu cells were plated 
(10 cm) and incubated to yield 106 cells/plate. Each sample was done in triplicate. 
Glutathione standards were prepared at concentrations ranging from 0.1 ug/mL to 5.0 
ug/mL in EDTA buffer (1 M, pH to 8.0 with NaOH). The cells were then treated with 
sample solutions (10 mL) and incubated for 30 min. Control samples include: untreated, 
glutathione only, PEG-US-SWCNTs only, PEG-US-SWCNTs and glutathione 
undialyzed. The cells were then scraped and collected as described above. Lysis buffer 
(100 uL, prepared by combining 200 mL 1 N HC1, 200 mL 5% trichloroacetic acid and 
200 mL 1 M EDTA) was added to each cell pellet and kept on ice for 3 h and vortexed 
every 1 h. The samples were then centrifuged (2200 rpm, 4 °C, 15 min) and the 
supernate was collected and stored on ice. A solution of o-phthaldialdehyde (1 mg/mL) 
was prepared in methanol, covered in foil and kept on ice. The EDTA buffer (1.8 mL), 
supernate (100 uL) and o-phthaldialdehyde (100 uL) were vortexed in a plastic test tube 
and developed for 15 min in the dark. The fluorescence of each sample was then 
146 
measured (excitation 350 nm, emission 420 nm). The fluorescence intensities for each 
sample was averaged and compared. 
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